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Escalating level of CO2 in the atmosphere is one of the environmental 
concerns of our age. Power plants are the major source of CO2 emission source 
due to the world’s dependence on fossil fuels for energy. The short term goal 
to reduce the carbon dioxide emission to the atmosphere is to capture CO2 from 
the power plants and store it safely in geological formations. Various 
techniques like absorption, adsorption, cryogenic and membrane separation are 
used for separation of CO2 from fuel (CO2/H2) and flue gas (CO2/N2) mixture. 
These techniques have their own limitations like solvent degradation, 
regeneration, toxic and energy intensive. Hence there is an on-going search for 
novel environmental benign and less energy intensive technology. 
Hydrate based gas separation technology is one of the novel 
environmentally benign process for separation of CO2 from fuel and flue gas 
mixtures. The basis for separation is the selective partition of CO2 over the 
other gases between the hydrate phase and the gaseous phase upon hydrate 
formation due to differences in their relative hydrate formation pressure. The 
other major advantage of the HBGS process is that it is less energy intensive 
and simultaneously capture. Although several kinetics studies employing 
HBGS technology in traditional stirred tank reactors have been reported, the 
CO2 capture capacity achieved was very low compared to the ideal CO2 capture 
capacity of the hydrates due to mass transfer limitations. The focus of this thesis 
is on improving the experimental CO2 capture capacity from the fuel gas 




In order to overcome the mass transfer limitation, a fixed bed reactor 
with silica sand and silica gel was employed. Silica sand was found to be 
effective porous media compared to silica gel. Although fixed bed approach 
improved the gas uptake for hydrate formation, operating pressure of 9.0 MPa 
and 274.2 K was required. In order to reduce the operating pressure, 2.5 mol% 
propane, a gas phase promoter and liquid phase promoters like tetrahydrofuran 
(THF) and tetra-n-butyl ammonium bromide (TBAB) were employed. The 
addition of 2.5 mol% propane not only reduced the operating pressure of 9.0 
MPa to 6.0 MPa at 274.2 K but also enhanced the kinetics of hydrate formation 
in silica sand bed. The results suggest that interstitial pore space in silica sand 
plays an important role in hydrate formation than internal pores as is the case 
in silica gel. Among the liquid phase promoters, THF concentration of 5.53 
mol% was found to yield higher gas uptake for hydrate formation at 6.0 MPa 
and 279.2 K compared to other concentrations of THF and TBAB.  
In order to validate that interstitial pore space plays a vital role in 
hydrate formation, silica sand was replaced with PU Foam having well 
interconnected pores. Enhanced hydrate formation from fuel gas mixture in the 
presence of 2.5 mol% propane was achieved in PU foam. A conceptual four 
step operation of HBGS process is proposed. 
In conclusion, fixed bed reactor configuration enables the possibility of 
scaling the HGBS technology due to the faster and enhanced kinetics and the 
lack of significant operating cost that is associated with mechanically agitated 
or continuous flow operation. 
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1 Research Background 
1.1 Carbon Capture and Storage (CCS) 
Global warming is the major environmental concern of our generation. 
Various environmental impacts of global warming are rise in sea water level, 
decrease in snow and ice extent, and change in climate extremes, etc. 
According to Intergovernmental Panel on Climate change, global warming is 
the result of an increase in anthropogenic emission of greenhouse gases (GHG) 
into the atmosphere [1]. 
Carbon dioxide is the most important greenhouse gas (GHG) due the 
dependence of world economies on fossil fuels, since their combustion 
processes are the most important source of this gas. The GHG concentration in 
the atmosphere can be stabilized by using non-carbon energy sources such as 
biomass, solar and wind energy. Due to the high cost associated with renewable 
energy and to meet the increasing demand for fossil fuel energy in the short 
term, Carbon capture and Storage (CCS) is the predominant strategy. 
CO2 capture and storage or CO2 sequestration (CCS) is the term used to 
describe a set of technologies aimed at capturing carbon dioxide emitted from 
industrial and energy-related sources before it enters the atmosphere, 
compressing it, and injecting it deep underground in secure geological 
formations, and ensuring it remains stored there indefinitely.  
Figure 1-1 shows the sources of CO2 emission. The major source of 
carbon dioxide emissions is power generation which contributes nearly half of 





emission, CO2 needs to be captured and subsequently sequestrated from power 
plants in view of the world’s dependence on fossil fuel for growing energy 
demand. 
 
Figure 1-1: Major Sources of CO2 emissions Source: IEA statistics 2011 
edition. 
1.2  Capture Technologies  
Depending on the different power plant configurations, CO2 capture can 
be performed by using following three different technological concepts 
1. Post combustion Capture 
2. Pre-combustion Capture 
3. Oxyfuel combustion Capture 
1.2.1 Post Combustion Capture 
 The predominant technology, for power generation is to burn coal or 
natural gas in a furnace and uses the flue gas to raise steam in a boiler, which 
drives the turbine to produce electricity. Air is commonly used for combustion. 





remaining oxygen and water vapor. Typical CO2 concentration in flue gas is 
10-15%. The schematic of the post combustion process is shown in Figure 1-2. 
Post combustion capture technology can be retrofitted to the existing power 
plants and hence it has the greatest near-term potential for reducing CO2 
emission. The major problem with this approach is that the flue gas is usually 
at atmospheric pressure and low CO2 partial pressure, which results in small 
driving force for traditional adsorption/absorption processes. The low 
concentration of CO2 in power plant flue gas means that a large volume of gas 
to be handled, which results in large equipment sizes and high capital costs. In 
addition, the relatively high temperature of the flue gases offers an additional 
design challenge. There are several separation technologies that can be 
employed. Chemical absorption, gas separation membranes, cryogenic 
separation, adsorption and HBGS are techniques used for CO2 separation which 
are discussed in detail later. The most used CO2 separation process is the amine 
separation process. Low CO2 concentration in the flue gas requires powerful 
solvent and when used requires high energy for regeneration of solvent. 
 
Figure 1-2: Schematic of post combustion process. 
1.2.2 Oxy-fuel Combustion  
For Oxy-fuel combustion, the process is performed in pure oxygen 





products are essentially CO2 and water, which are separated by condensing 
water. The combustion with oxygen is associated with high temperature when 
compared with combustion in air. The schematic of Oxy-fuel combustion 
process is shown in Figure 1-3. The main advantage of this process is that the 
concentration of CO2 is high with values of up to 80% v/v. Another advantage 
of this process is that the NOx formation is suppressed and the volume of the 
gas to be treated in the flue gas desulphurization plant is reduced. The main 
cost of Oxy fuel process is cryogenic separation of O2 and N2 with the air 
separation unit. The cryogenic distillation is a very energy intensive process 
and requires high-energy consumption. Another drawback is that combustion 
of fuels in pure oxygen occurs at a temperature too high for existing boiler or 
turbine materials.   
 
Figure 1-3: Schematic of Oxyfuel combustion process. 
1.2.3 Pre-combustion Capture 
Pre-combustion systems process the primary fuel in a reactor with 
stream and air or oxygen to produce carbon monoxide and hydrogen (syngas). 
In a shift reactor, carbon monoxide reacts with steam to produce carbon dioxide 
and hydrogen. The resulting mixture of CO2 and H2 can be separated into a 
stream of CO2 and stream of H2. If CO2 is stored, carbon free hydrogen can be 





40% CO2 and 60% H2 coming out at a pressures of 2 -7 MPa. The major 
advantage of this system over post combustion system is the highest CO2 
concentration and high pressure in the output stream. Thus, the CO2 capture 
equipment can be much smaller and different solvents with low energy 
penalties for regeneration can be used. Pre-combustion capture would be used 
at power plants that employ an Integrated Gasification combined cycle (IGCC). 
Pre-combustion process schematic is shown in Figure 1-4. 
 
Figure 1-4: Schematic of Pre-combustion capture process. 
1.3 Existing CO2 Capture Technologies 
 
Figure 1-5: Materials for CO2 capture in Oxyspect of post combustion, . re-





 Various techniques are used for CO2 capture from fossil fuel power 
plants. They are absorption, adsorption, membrane separation, cryogenic 
separation and hydrate based gas separation (HBGS). Figure 1-5 shows the 
material prospects for post combustion, pre-combustion and Oxy-fuel 
combustion process.     
1.3.1 Absorption 
 Absorption is well-established technique in use for almost 60 years. 
This involves the use of a solvent that absorbs carbon dioxide. This CO2 rich 
solvent is then regenerated to strip off the CO2 to recover in high concentration 
and the solvent is recycled. Mono-ethanolamine (MEA) is the most widely used 
type of amine for CO2 capture. MEA process operates in the pressure range of 
10 – 80 bar and temperature range of 303 to 343 K [3].  CO2 recovery rates of 
98% and product purity of 99% can be achieved. The main disadvantages of 
amine absorption are high-energy requirement for solvent regeneration and 
CO2 extraction, degradation of the solvents and corrosion problem [3, 4]. 
Physical solvents such as Selexol could be used for pre-combustion capture of 
CO2 with the advantage that the CO2 can be released mainly by 
depressurization thereby avoiding high heat consumption of amine scrubbing 
process. However, depressurization of the solvent results in energy penalty [5]. 
Selexol process can be operated in the pressure range of 20 – 130 bar and 
temperature range of 255 – 448 K. 
1.3.2 Adsorption 
 Solid adsorbents such as Zeolite, activated carbon have been used for 





through a packed bed of adsorbents at elevated pressure until the concentration 
of desired gas reaches equilibrium. Reducing the pressure regenerates the bed. 
In Temperature Swing Adsorption (TSA), raising its temperature regenerates 
the adsorbent. In electric swing adsorption (ESA), regeneration takes place by 
passing a low-voltage electric current through the adsorbent. PSA and TSA are 
used commercially for gas separation and are used in CO2 capture from natural 
gas. In pre-combustion capture, more attention is focused on PSA since TSA 
system involves more cumbersome heating of the adsorbent during 
regeneration and physical size of the TSA plant is much larger. The major 
drawbacks of adsorption are CO2 selectivity and capacity and hence it is not 
yet considered attractive for large-scale separation of CO2 [3, 4]. Currently 
available adsorbents have low CO2 selectivity and loading and hence 
adsorbents that can operate at high temperatures in presence of stream with 
increased capacity and improved selectivity are needed. 
1.3.3 Cryogenic Separation 
CO2 can be separated from other gases by cooling and condensation. 
Cryogenic distillation is widely used commercially for streams that already 
have high CO2 concentration, but it is not used for dilute CO2 streams. 
Cryogenic separation enables direct production of liquid CO2 needed for 
transport. A major disadvantage of cryogenic separation of CO2 is the amount 
of energy required to provide refrigeration necessary for the process [3]. 
Another disadvantage is that some components such as water, SOx, NOx have 





corrosion [4]. It can be used in pre-combustion or Oxyfuel combustion capture 
in which the input gas contains high concentration of CO2.  
1.3.4 Membrane Separation 
 Gas separation membranes allow one component in a gas stream to pass 
through faster than others. There are different types of gas separation 
membranes including, porous inorganic membranes, palladium membranes, 
polymeric membranes and zeolites. Several membranes with different 
characteristics may be required to separate high purity CO2. Gas absorption 
membranes are hybrid systems that involve gas-liquid contacting. The CO2 
diffuses through the membrane and is removed by absorption liquid such as 
amine. Operational problems such as foaming, flooding, entrainment and 
channeling can be avoided by using gas absorption membrane and the process 
selectivity is determined by the absorption liquid. Compact membranes also 
result in smaller equipment size and possible cost reduction. Membranes cannot 
usually achieve high degrees of separation, so multiple stages and/or recycle of 
one of the streams is necessary. This leads to increased complexity, energy 
consumption and cost [3, 4]. Much development is required before membranes 
could be used in large scale separation.  
1.4 Emerging Technologies 
1.4.1 Chemical Looping 
Combustion step in chemical looping is separated into oxidation and 
reduction reactions and a suitable small particle of transition metal oxides is 





reactor, the oxide particles react with the fuel to produce a mixture of CO2 and 
H2O, and solid metal particles. Upon transfer of the metal particles to the air 
reactor, the metal is oxidized [5]. The advantage of this process is that the 
exhaust gas stream of the air reactor is harmless mainly consisting of nitrogen. 
The major advantage of chemical looping is that no additional energy is 
required for CO2 capture and hence less operational cost [2, 6]. 
1.4.2 Hydrate based gas separation 
Hydrate based gas separation (HBGS) is one of the novel and promising 
technology for CO2 capture from fuel and flue gas mixture [2-4]. The basis for 
separation is the selective partition of CO2 component between the hydrate 
phase and the gaseous phase upon hydrate formation. When the flue or fuel gas 
mixture contacts water at a suitable temperature and pressure to form hydrates, 
the hydrate phase is enriched with CO2. The preferential incorporation of CO2 
over the other gases into the hydrate crystal phase arises from the difference 
between the hydrate formation pressure for CO2 relative to N2 or H2. The 
advantages of employing HBGS technology for CO2 capture are energy 
efficient, clean technology (uses no toxic or non-hazardous chemicals). The 
other major advantage for HBGS is that it can simultaneously capture H2S and 
other sulfur compounds like SO2 [7, 8]. The energy penalty imposed by HBGS 
in an IGCC plant is only 4.4%, while other methods like conventional amine 
scrubbers, pressure swing adsorption impose energy penalties up to 35% [3]. 
HBGS process is more suitable for CO2 capture from a fuel gas mixture 
than a flue gas mixture. The fuel gas stream that comes out of the water gas 





formation. Extensive studies have been reported for CO2 capture from the flue 
gas mixture for the HBGS technology [9-24]. The limitation of employing 
HBGS technology for CO2 separation from the flue gas mixture is the low CO2 
concentration and the compression costs associated with the flue gas for 
applying the HBGS technology and additional requirement of large 
equipment’s for processing.  
The scope of this thesis is the application of HBGS technology for pre-
combustion capture of CO2 from fuel gas mixture.  
Next, basic description of gas hydrates and comprehensive review of 
previous literature work done on HBGS technology for pre-combustion CO2 
capture is presented. Later in the chapter, the challenges of HBGS process for 
CO2 separation from fuel gas mixture are identified and objectives of the thesis 
are defined followed by the organization of the thesis. 
1.5 Gas Hydrates  
Gas hydrates are non-stoichiometric crystalline compounds formed 
when a guest molecule of suitable size and shape are incorporated in the well-
defined cages in the host lattice made up of hydrogen bonded water molecules 
[25-27]. In nature over 90% of gas hydrate exists in permafrost regions and 
marine sediments. Clathrates are not chemical compounds; the guest molecules 
inside the cage interact with the water molecules by Van der walls forces. 
Formation and decomposition of clathrates are first order transition and not 





Gas hydrates exist in three distinct polyhedral cavity structures, cubic 
structure I(sI),cubic structure II(sII) or hexagonal structure H(sH) as shown in 
Figure 1-6 [28]. These structures are composed of cavities of different sizes 
that can accommodate one guest molecule per cavity in typical hydrates. 
Common hydrate formers include small hydrocarbons, fluorinated compounds, 
noble gases, carbon dioxide, small ether molecules and hydrogen. 
 
Figure 1-6: Gas hydrate cavity structures [29]. 
Structure I hydrate consists of two different types of cavities. The first 
cavity is formed when the water molecules hydrogen bond in such a way that 
they form a structure with 12 pentagonal faces called a pentagonal 
dodecahedron (512). This cavity is present in all three structures mentioned 
above. When the pentagonal dodecahedral link together by their vertices they 
form a second cavity, a polyhedron with 12 pentagonal and 2 hexagonal faces 
(512 62) called a tetrakaidecahedron. A unit cell of the structure I hydrate 





molecules. Structure I is formed with molecules smaller than 6 Å such as 
methane, ethane, carbon dioxide and hydrogen sulphide. Nitrogen and small 
molecules (d<4.2Å) are exceptions and form structure II as single guests. 
Structure II is formed when the pentagonal dodecahedral link together 
through face sharing, not by the vertices as in structure I. By linking together 
through face sharing, they form hexakaidodecahedron, a polyhedron with 12 
pentagonal and 4 hexagonal faces. Structure II consists of 16 small cavities and 
8 large cavities made up of 136 water molecules. The small cavity in the 
structure II are smaller than in the structure I and larger cavity is larger than the 
cavity in structure I because of bending. Molecules with diameter between 6Å 
and 7Å form structure II. Propane, iso-butane will form structure II. 
Structure H consists of three different cavities. They have the basic 512 
cage. The two other cavitie consists of a 435663 cage and 51268. The 435663 
cavity has three fairly strained square faces, six pentagonal faces and three 
hexagonal faces. The large 51268 cavity has twelve pentagonal and eight 
hexagonal faces and fits guests up to 9Å diameter. Small molecules like 
methane, xenon or hydrogen sulfide known as help gases are needed to stabilize 
the structure and occupy the small cages. Larger molecules (7 Å< d< 9Å) such 
as iso-pentane, neohexane can form structure H when accompanied by smaller 
molecules such as hydrogen sulfide, methane or nitrogen. 
Table 1-1: Structural properties of hydrates [26]. 
 Structure I Structure II Structure H 
Cavity types 512, 51262 512, 51264 512, 435663, 51268 
Radius (A) 3.91, 4.33 3.902, 4.683  3.91, 4.06, 5.71 





Co-ordination number 20, 24 20, 28 20, 20, 36 
Crystal type Cubic Cubic hexagonal 
Table 1-1 compares the structural properties of structures I, II and H. 
The structure of hydrate that is formed is primarily a function of the gas(es) 
used to form the hydrate. In certain cases, such as when hydrates are formed 
from mixtures of methane and ethane, there is a structural transition that is a 
function of the feed gas composition.  
Sloan [26] proposed that the size ratio of the guest molecule to the 
cavity determines whether the guest can form a stable hydrate structure. In 
order to obtain a stable hydrate structure, the ratio needs to be approximately 
0.9. If the ratio is significantly less or above unity, stable hydrates structure will 
not be formed. The molecular diameters to cavity diameter ratios for hydrogen 
and carbon dioxide gases are shown in Table 1-2.  
Table 1-2: Size ratio for CO2 and H2 [26].  
  Structure I Structure II 
 Cavity type 512 51262 512 51264 
Molecule Guest diameter 
(A) 
    
Carbon 
dioxide 
5.12 1.0 0.834 1.02 0.769 
Hydrogen 2.72 0.533 0.464 0.542 0.408 
 Selective fractionation of gas components and high storage capacity in 
gas hydrates have enabled a wide range of applications including gas 
separation, gas storage, seawater desalination, natural gas storage and transport, 





1.6 Thermodynamic feasibility of the HBGS technology 
The first step for technical evaluation of the HBGS technology is the 
thermodynamic feasibility. Carbon dioxide forms structure I (sI) hydrate at 
moderate pressures. CO2 molecules primarily occupies the large cages and very 
few small cages of the resultant sI hydrate. Hydrogen forms structure II (sII) at 
pressures higher than 300 MPa at temperatures above freezing point of water. 
A cluster of two H2 molecules may occupy the small cages while the large cages 
may have clusters of four H2 molecules at certain experimental conditions [63]. 
Extensive phase equilibrium studies have been reported for pure CO2 and H2  
[23, 64-78].  
 
Figure 1-7: Hydrate phase equilibrium of CO2, H2 and fuel gas mixture. 
Figure 1-7 shows the hydrate phase equilibrium of pure CO2 and pure H2.  
At 275.6 K, the minimum pressure required to form pure CO2 and pure H2 





equilibrium hydrate formation condition forms the basis for HBGS technology. 
The hydrate phase equilibrium of a typical fuel gas mixture consisting of 39.2 
mol% CO2 is also shown in Figure 1-7. Typical fuel gas mixture coming out of 
IGCC power plant is in the range of 2.0 – 7.0 MPa. As can be seen in the figure, 
the fuel gas mixture can form hydrates from water in this pressure range. The 
minimum pressure required to form hydrate from the fuel gas mixture at 275.6 
K is 6.84 MPa. There are several papers in the literature that have reported 
phase equilibrium data for CO2/H2 gas mixture relevant to pre-combustion 
capture of carbon dioxide [79-84]. 
1.7 SIMTECHE Process 
An new/novel concept of CO2 capture based on low temperature 
SIMTECHE process from process streams was proposed by US DOE, Los 
Alamos National Laboratory, SIMTECHE and Nexant Inc [85-88]. The 
SIMTECHE process exploits the higher pressure of the pre-combustion streams 
in an IGCC power plant to remove CO2 by forming clathrate hydrate. Their 
results from CO2/H2/H2S showed that hydrogen does not participate in hydrate 
formation and acts as an inert [86]. Addition of 3% H2S as promoter reduced 
the equilibrium pressure significantly compared to pure CO2 hydrate 
equilibrium. They developed a bench-scale, continuous flow apparatus to form 
CO2 hydrate and tested using CO2, H2/CO2, He/CO2 and Ar/CO2 gas mixtures 
and demonstrated that with very short residence time hydrate can be formed 
[86, 89, 90]. An engineering test module (ETM) was constructed to better 
understand the effect of fluid velocity and heat transfer on hydrate formation 





were employed to operate at higher temperatures and lower pressures. Using 
an engineering analysis, they proposed a once through hydrate process with 
68% CO2 capture and a two stage hydrate process with promoter with 90% CO2 
capture [91]. Then they proposed a single stage hydrate process with THF as 
promoter operating at 6.9 MPa and 279.3 K with 90% CO2 capture [91, 92]. 
The limitation of the employing a continuous reactor for HBGS technology are 
the mass and heat transfer [93]. 
An economic analysis to determine the cost of HBGS technology and 
conventional processes like SELEXOL and amine scrubbing was carried out 
by SIMTECHE [86, 89-92]. A base case of 500 MW coal gasifier without any 
CO2 capture unit was chosen in their study. A detailed economic analysis for 
different case of SIMTECHE process such as 2-Stage promoter, 1- Stage 
promoter, 1-Step 20 MPa reactor, 1-Step 12.5 MPa and 2-Step hydrate reactor 
were presented [92]. The best economics for 90% CO2 recovery is between the 
SIMTECHE 2-stage promoter process and conventional Selexol process. An 
avoided cost of 6.4 and 6.9 US$/ Ton of carbon was reported for two-stage 
promoter SIMTECHE and Selexol process. The 2-Stage Promoter process 
resulted in lower cost of electricity of 6.13 cents/kWh, while that of Selexol 
process is 6.24 cents/kWh. The cost for HBGS technology was based on the 
90% CO2 capture. 
Yang et al.[93] employed a continuous flow reactor to study the impact 
of fluid velocity, gas carrier on heat transfer characteristics during hydrate 
formation. It has to be noted that in their study, they used He/CO2 and Ar/CO2 





High fluid velocity improves the heat transfer efficiency due to enhanced 
mixing of gas, liquid and solid (hydrate) phase. Under similar flow conditions, 
helium increased the overall heat transfer coefficient about 50-200% compared 
to argon. They reported that the heat transfer coefficient depends on the thermal 
conductivity of the carrier gas and suggested that with H2 has carrier gas the 
better heat transfer can be expected. They also investigated the impact of gas 
carrier, slurry concentration, fluid velocity and temperature on the rate of CO2 
hydrate formation [94]. At a higher gas volume fraction and velocities, heat and 
mass transfer resistance were reduced due to rigorous mixing. At other 
conditions, the rate of hydrate formation was a heat transfer limited. Although 
the heat transfer limits the hydrate formation, the rate of formation remained 
rapid under relevant industrial processing conditions.  
1.8 Mixed CO2 + H2 Hydrate 
Sugahara et al.[79] reported based on Raman spectroscopic study on the 
hydrate crystal formed form CO2+H2 gas mixture that hydrogen does not 
occupy any of the cages of the sI hydrate structure. Their observation was based 
on the fact that the Raman peak of the H-H stretching, vibration mode of H2 
was detected in gas phase but not in hydrate phase. They concluded that 
hydrogen behaves like a diluent gas in the CO2 hydrate formation from the CO2 
+ H2 gas mixture.  
Kim and Lee[95] used X-ray powder diffraction and NMR 
spectroscopy to identify the structure and guest distribution of the mixed CO2 
+ H2 hydrate. They reported that carbon dioxide molecules occupied both small 





mixed hydrate. They also reported the double occupancy of H2 molecules in 
the small cages. In 2008, Sugahara et al.[96] reconfirmed the cage un-
occupancy of hydrogen in the hydrate formed using in situ Raman spectroscopy 
for single gas hydrate crystal.  
Kumar et al.[84] reported the incipient hydrate phase equilibrium for 
the fuel gas mixture and the equilibrium gas phase composition. They reported 
that the hydrate formation conditions are higher than that of pure CO2 and also 
decrease in CO2 resulted in an equilibrium shift to high pressures. Based on the 
heat of dissociation calculated from the Clausius – Clapeyron equation, they 
concluded that the mixed CO2 + H2 hydrate formed is of structure sI hydrate. 
They also concluded that hydrogen participates in the formation of mixed gas 
hydrate. 
Linga et al.[9] performed hydrate formation kinetic experiments at the 
macroscopic scale from fuel gas mixture in a stirred tank reactor at constant 
pressure and temperature. The experimental conditions employed in their study 
were 273.7 K and 7.5 and 8.5 MPa. They reported the preferential incorporation 
of CO2 over H2 in hydrate phase. At higher driving force, H2 competes with 
CO2 for cage occupancy. The hydrate phase CO2 composition was 86.5 and 
85.1 mol% for experiment at 7.5 and 8.5 MPa, respectively in 1 h of hydrate 
growth. In order to the evaluate the process efficiency, Linga et al.[10] 
introduced two metrics, namely separation factor (S.F) and CO2 recovery or 
split fraction (S.Fr.). 
Separation factor is equivalent to the term selectivity used in traditional 
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COn  are the number of moles of CO2 in hydrate and feed gas.  
Linga et al.[10] proposed a hybrid hydrate-membrane process for CO2 
separation from the fuel gas mixture employing a stirred tank reactor. The 
proposed first stage operates at 7.5 MPa and 273.7 MPa while the second stage 
at a pressure of 3.8 MPa and 273.7 MPa. The separation factor for the twos 
stages were 98.7, 94.7 and the split fraction were 0.42 and 0.38 respectively. 
Based on the compression calculations they concluded that hydrate promoters 
have to be used to improve the economics of the process. 
At the molecular level, structural and compositional characterization of 
the mixed CO2 + H2 hydrate using Raman spectroscopy, FTIR, NMR and 
PXRD were carried out by Kumar et al.[97]. They reported that mixed CO2 + 
H2 hydrate forms sI hydrate at 8.0 MPa. CO2 occupies the large cages while 





bimolecular H2 and single H2 molecules occupies 9.3 and 6.2% of the small 
cages. They reported a hydration number of 7.09 for the mixed CO2 + H2 gas 
hydrate. The gas chromatography results showed that hydrate phase has 91.8 
(±0.2) % CO2 and 8.2 (±0.2) % H2. Kumar et al.[98] synthesized CO2, mixed 
CO2 + H2 hydrate in a high-pressure attenuated total reflection (ATR) cell and 
provided the estimate of cage occupancies and hydration number based on the 
in situ infrared spectroscopy and gas chromatography. They reported that 23% 
of the small cages were occupied by H2. CO2 occupies completely the large 
cages and 6% of the small cages of the sI hydrate. Hydration number of 6.92 
was reported for the mixed CO2 + H2 hydrate.  
Traditional stirred tank reactor was employed mostly in literature. 
Agglomeration of hydrate crystals in stirred tank reactor creates a barrier for 
efficient gas/liquid contact which limits the gas consumption and water 
conversion to hydrate in stirred tank configurations [11, 34]. Hence there is on-
going effort to find the best multi-phase reactor for the HBGS technology 
which improves the gas/liquid contact mode and to enhance the rate of hydrate 
formation.  
Seo et al.[13] evaluated the HBGS technology for flue gas mixture in a 
fixed bed column employing silica gel as a medium and reported enhanced 
kinetics for the hydrate process. Later, Adeyemo et al.[15] employed a fixed 
bed column with three different silica gels and evaluated its performance. 
Water was dispersed in the pores of the silica gel. They investigated the effect 
of pore and particle size on hydrate formation and reported better performance 





experiments with the best gel for the fuel gas mixture and reported kinetic data 
and separation efficiency. Experiments were carried out at 7.0 MPa and 272.15 
K for the fuel gas mixture and agas uptake of 0.0833 (±0.0022) mol of gas and 
water conversion of 30.39 (±0.78)% was achieved in 4 h. Enhanced rate of 
hydrate formation and gas uptake compared to the stirred tank reactor was 
reported.  
Seo et al.[99] employed silica gel to form hydrate from fuel gas mixture 
and reported enrichment of CO2 in the hydrate phase. About 150 cm3 of silica 
gel saturated with water was used in their study. They reported the hydrate 
phase CO2 composition of 96.5 – 98.7 mol% at 6.0 – 9.2 MPa and 274.15 K in 
silica gel of pore diameter of 100 nm.13C NMR analysis of the mixed CO2 + H2 
hydrate suggested that 100% of large cages and 93% of the small cages were 
occupied by CO2. The CO2 rich hydrate had a composition of (0.14 H2/ 1.86 
CO2)S.(6CO2)L.46H2O. They proposed a series of fixed bed reactor and 
fluidized bed reactor for separation of CO2 from the fuel gas mixture. It has to 
be noted that kinetic gas uptake was not presented in their study.  
Kang et al.[83] determined the hydrate phase equilibrium for CO2 + H2 
gas mixture in the presence of silica gel particle of pore diameter 25, 100 and 
250 nm. In silica gel pores, the hydrate phase equilibrium shifted to higher 
pressure and lower temperature as the pore diameter decreased due to the 
capillary effect in pores compared to that in bulk water. The 250 nm silica gel 
showed higher equilibrium pressure than 100 nm silica gel and bulk water, 
suggesting that the phase equilibrium is not affected linearly with the capillary 





were close to that of bulk water. They reported CO2 hydrate phase composition 
of 96.5 mol% at 6.0 MPa and 274.15 K while at 9.2 MPa, it increased to 98.7 
mol% indicating enrichment of CO2 in the hydrate phase in the presence of 
silica gel. This was not the case in bulk water experiments where H2 competes 
with CO2 for small cages with increase in experimental pressure or driving 
force. They coined the term selectivity k for evaluating the enrichment of CO2 
over H2 in the hydrate phase. They reported selectivity of 40.8 and 112.5 for 
operating pressure of 6.0 and 9.2 MPa respectively at 274.15 K in silica gel and 
selectivity of 9.9 at 7.5 MPa and 273.6 K in bulk water calculated from Linga 
et al.[9].  
Recently, Park et al.[82] determined the phase equilibrium of mixed 
CO2 + H2 hydrate in silica gel at various pore diameters. They employed silica 
gels of pore diameter 6, 15, 30 and 100 nm for hydrate phase equilibrium 
determination. The decrease in pore size increased the equilibrium pressure 
required to form hydrate at a given temperature. They performed gas uptake 
measurement and compositional analysis at 8.0 MPa and ΔT of 4 K in silica 
gel of pore diameter 100 nm and bulk water. CO2 composition of 95% was 
reported in both silica gel and bulk water. The gas uptake measurement in bulk 
water plateaus off after 1 h of hydrate formation due to the agglomeration of 
hydrate crystals at the gas-liquid interface, whereas in case of 100 nm silica gel, 
a continuous increase of gas uptake for 2 h was observed due to increase in gas-
liquid contact area. Gas uptake of 0.0220 and 0.0260 mol of gas/ mol of water 
was reported for bulk water and silica gel experiments. The reported data is for 





gel pore was also carried out in their study. PXRD and Raman spectroscopy 
revealed that the mixed hydrate formed is of sI structure.  
In order to implement the hydrate based gas separation process for CO2 
capture, it is necessary to understand the thermodynamics, kinetics and 
economics of the process. Linga et al.[9] employing a traditional stirred tank 
reactor reported a minimum operating pressure of 7.5 MPa. In terms of 
thermodynamics, minimum pressure required to form hydrate at 273.9 K is 5.56 
MPa. In order to form considerable amount of hydrate to capture CO2, the 
operating pressure should be higher than the equilibrium pressure which is 
generally termed as pressure driving force (ΔP). Driving force can also be 
represented as the temperature difference between operating temperature and 
equilibrium temperature (ΔT). Typical fuel gas mixture coming from IGCC 
power plant is in the range of 2 – 7 MPa [1]. Therefore, the fuel gas mixture 
needs to be compressed before hydrate formation step in order to have a 
considerably higher rate of hydrate formation. This in turn would increase the 
energy penalty of the process. Therefore, there is an ongoing search for 
promoters that can reduce the equilibrium hydrate formation pressure, thereby 
reducing the operating pressure and process economics. In the following 
section, different promoters that were employed for the HBGS technology to 
capture CO2 from the fuel gas mixture are presented. 
1.9 sII Hydrate Promoters 
1.9.1 Propane as promoter 
Kumar et al.[84] investigated the effect of propane on the 





that addition of 3.2 mol% propane to the fuel gas mixture resulted in reduction 
of equilibrium pressure for hydrate formation. The equilibrium pressure for the 
typical fuel gas mixture consisting of 39.2 mol% CO2 at 278.4 MPa was 10.74 
MPa which on addition of 3.2 mol% propane was reduced to 5.1 MPa. Heat of 
dissociation calculated from Clausius – Clapeyron equation was found to be 
110 kJ/mol suggesting that the ternary mixture forms sII hydrate. In order to 
identify the structure and cage occupancy, Kumar et al.[97] synthesized the 
ternary hydrate at 3.8 MPa for analysis using PXRD, NMR, infrared and 
Raman spectroscopy. The ternary mixture (38.2/59.2/2.6) mol% CO2/H2/C3H8 
was found to form sII hydrate. Propane occupies 43% of the large cages and 
CO2 occupies 57% and 34% of the large and small cages respectively in the 
resultant hydrate formed. They found that hydrogen occupies the small cages 
of the sII hydrate. A hydration number of 10.05 for the ternary hydrate formed 
was reported. Gas chromatography results showed the resultant hydrate 
consists of 74.2 (±0.2) mol% CO2, 11.2 (±0.2) mol% H2 and 14.6(±0.2) mol% 
C3H8. Kumar et al. [97] observed that it is difficult to distinguish large and 
small cage occupancy of CO2 in the hydrate using Raman and NMR 
spectroscopic techniques. In order to distinguish the vibrational frequencies of 
CO2 in large and small cages, Kumar et al.[98] employed attenuated total 
reflection infrared spectroscopy (ATR-IR).  
Kumar et al.[24] presented a two-stage clathrate hydrate/ membrane 
process in which the first and second stage operates at 273.7 K and 3.8 and 3.5 
MPa respectively. 2.5 mol% propane was used as promoter to reduce the 
operating pressure. Separation factor and a split fraction of 27.84 and 91.19, 





end of the first stage, hydrate phase composition was (80/18.8/1.2 mol %) 
CO2/H2/C3H8 which was subjected to a second stage of hydrate formation. It 
was also reported that addition of propane did not compromise the separation 
efficiency, but resulted in reduced rate of hydrate formation. The other 
advantage of propane as promoter is that it is non-toxic.  
To enhance the rate of hydrate formation, Linga et al.[11] presented a 
mechanically agitated gas inducing crystallizer. Kinetic experiments were 
carried out at 3.8 MPa and 273.7 with (38.2/59.2/2.6) mol% CO2/H2/C3H8 gas 
mixture in semi-batch manner. Water conversion of 10.4% and split fraction of 
0.48 was achieved. Normalized rate of hydrate formation (NR5) of 4.49 
mol.min-1.m-3 was reported. At same experimental conditions, Kumar et al.[24] 
reported a split fraction of 0.47 and a normalized rate of 4.01 mol.min-1.m-3. 
The separation efficiency, gas uptake and normalized rate of hydrate formation 
were higher compared to the traditional stirred tank reactor. Although hydrate 
crystallizer was able to capture CO2, the power required for mechanical 
agitation was found to be very significant and hence was concluded that at 
industrial scale, crystallization must be carried out without mechanical 
agitation.  
Linga et al.[100] evaluated the performance of two different gas/liquid 
contact modes. Hydrate formation in batch experiments employing a stirred 
tank reactor and fixed bed reactor with silica sand bed were carried out at 5.1 
MPa and 274.15 K from (38.2/59.2/2.6) mol% CO2/H2/C3H8 gas mixture. 
Normalized gas uptake and water conversion of 0.0859 mol/mol and 86.4 % 





in STR. The results showed that the enhanced rate of hydrate formation can be 
achieved in a fixed bed reactor compared to the traditional stirred tank reactors. 
The authors reported that the mechanism for enhanced rate of hydrate 
formation was unknown.  
1.9.2 Tetrahydrofuran (THF) as promoter 
THF is an extensively studied promoter for many gas hydrate 
applications including carbon dioxide capture. THF on its own forms sII and it 
only occupies the large cages of the sII. Hashimoto et al.[101] measured the 
isothermal phase equilibrium for H2 + CO2 +THF hydrate at various 
concentrations of THF. 5.6 mol% THF which is the stoichiometric for the pure 
THF hydrate resulted in greater reduction in equilibrium hydrate formation 
conditions. It has to be noted that the reduction in equilibrium depends on the 
promoter concentration and promoter concentration exceeding the 
stoichiometric concentration does not reduce the equilibrium pressure further. 
Raman spectroscopy analysis of the hydrate generated with stoichiometric 
concentration of THF in water revealed that CO2 and H2 occupies the small 
cages while THF occupies the large cages of sII hydrate.  
Lee et al.[102] investigated the effect of addition of THF at various 
concentrations on the thermodynamics and kinetics of hydrate formation from 
fuel gas mixture in a semi-batch stirred tank reactor. The concentration of THF 
employed were 0.5, 1.0 and 3.0 mol%. As expected, an increase in THF 
concentration resulted in a decrease in equilibrium hydrate formation pressure 
at any given temperature. Kinetic experiments were carried out at 279.6 K and 





THF solution. Induction time decreased in an increase of THF concentration as 
well as with increase in driving force. Hydrate formation rate increased with 
increase in THF concentration from 0.5 to 1.0 mol% but decreased when 
increased to 3.0 mol%. This suggested the existence of concentration 
dependency on the kinetics of hydrate formation. Increase in driving force 
resulted in increase in CO2 content in the hydrate phase irrespective of the THF 
concentration. Based on the kinetics experiments, the authors concluded that 
1.0 mol% THF solution is the optimum concentration for CO2 separation from 
the fuel gas mixture. It is noted that the study of Lee et al.[102] reported reduced 
hydrate growth rate compared to the system without the presence of THF as 
promoter. 
Adeyemo et al.[15] investigated the effect of 1.0 mol% THF dispersed 
in silica gel pore on the kinetics of hydrate formation from the fuel gas mixture. 
They reported a gas uptake and water conversion of 0.0175 mol and 9.05% in 
4 h at 5.0 MPa and 274.15 K. Their results showed that the addition of THF 
reduced the gas uptake by 6 times when compared to pure water experiments 
in silica gel. A split fraction of 0.22 with 1.0 mol% THF and 0.61 without THF 
was obtained. They concluded that addition of THF reduces the separation 
efficiency and gas uptake.  
Park et al.[82] carried out thermodynamic, kinetic and structural 
characterization of the mixed hydrate formed from the fuel gas mixture in the 
presence of THF. Phase equilibrium of mixed gas hydrate in presence of 1.0, 
5.6 and 10 mol% THF was measured. Increase in THF concentration till the 





conditions further. Further addition of THF did not affect the hydrate phase 
equilibrium. Kinetic experiments were carried out at 8.0 MPa and ΔT of 4 K 
with 1.0 and 5.6 mol% THF solution in a stirred tank reactor. 1.0 mol% THF 
solution showed much lower water conversion to hydrate compared to that of 
5.6 mol% THF solution. The hydrate phase CO2 composition was found to be 
94 and 90% in 1.0 and 5.6 mol% THF solution. Comparison of gas uptake 
during hydrate formation form fuel gas mixture from bulk water and in 100 nm 
silica gel pores at same experimental condition revealed that the silica gel 
system outperforms THF and bulk water system. PXRD patterns confirmed that 
the mixed CO2 + H2 + 5.6 mol% THF hydrate formed is of sII crystal structure. 
Raman spectroscopy results showed that hydrogen occupies the small cages of 
mixed hydrate.  
Yang et al.[103] investigated the effect of additive mixture on the 
thermodynamics and kinetics of mixed hydrate formation from fuel gas mixture 
in glass beads. The additive mixture employed was THF (1, 2, 3 and 4 mol %) 
and 1000 mg/L SDS. Increase in THF concentration decreased the equilibrium 
pressure and induction time. The authors also used a thermodynamic model to 
predict the hydrate phase equilibrium. Song et al.[104] investigated the effect 
of THF concentration, SDS concentration, initial pressure and porous property 
on hydrate phase equilibria, gas uptake and separation efficiency. The porous 
media used were glass beads of particle size 0.177 – 0.25 mm and 0.105 – 0.125 
mm and silica gel of particle size 0.42 – 0.84 mm and pore size 8 – 10 nm. THF 
concentration employed were 2, 3 and 4 mol% and SDS concentration were 
500, 1000, 1500 mg/L. The order of influence on the hydrate phase equilibrium 





concentration. In terms of gas uptake and separation efficiency, performance 
of silica gel was better than glass beads due to silica gels increased surface area. 
The gas separation efficiency increase with increase in THF concentration till 
3 mol%. Further increase in THF concentration beyond 3 mol% reduces the gas 
separation efficiency. Although the SDS concentration as no effect on the phase 
equilibrium and gas separation efficiency, it affects the rate of hydrate 
formation.  
Yang et al.[105] analyzed the hydrate formation and dissociation 
characteristics at different pressures in a continuous flow reactor filled with 
silica gel using magnetic resonance imaging (MRI). A mixture of 3 mol% THF 
and 1000 mg/L SDS was used to partially saturate the silica gel. Frequent 
hydrate blockage was observed and these blockages restricted the gas - solution 
contact resulting in lower hydrate formation.  
1.9.3 Cyclopentane as promoter 
Cyclopentane is immiscible in water, but can form structure sII. Recently, 
thermodynamic and kinetic studies have been reported employing 
cyclopentane as a promoter for CO2 capture employing the HBGS technology. 
Zhang et al.[106] presented the phase equilibrium of CO2 + H2 mixture in 
presence of cyclopentane (CP) by using a differential scanning calorimeter 
(DSC). Increase in CO2 composition shifts the equilibrium hydrate formation 
conditions to lower values. Addition of CP significantly reduces the 
equilibrium pressure of mixed hydrate formation from fuel gas mixture and 
hence the operating pressure. However, the selectivity of CO2 over H2 will also 





a two staged separation based on the thermodynamic data. At the end of first 
and second stages, 84 and 98% CO2 can be obtained in the hydrate phase.  
Li et al.[107] carried out experiments with various volumes of CP in STR 
at 4.5 MPa and 273.15 K and reported slightly improved gas uptake. 0 – 20 
vol% of CP/water was employed in their study. The gas uptake increased with 
increase with CP/water ratio till 3 vol%. No further increment in gas uptake 
was reported when the CP/water ratio was increased further. 
Lim et al.[108] investigated the effect of CP and SDS on the morphology 
of hydrate formed from fuel gas mixture at 6.0 MPa and 275.65 and 277.65 K. 
Hydrate nucleation occurred at the CP-water interface and hydrate grew 
upwards in the gas phase along the wall of the reactor and then in the bulk water 
later. The authors observed multiple nucleation and rapid hydrate growth in 
presence of higher quantity of CP. Addition of SDS changed the morphology 
of hydrate crystal formed. Based on the morphology observations, the 
mechanism of hydrate formation in an unstirred reactor was presented.  
Ho et al.[109] investigated the kinetics of hydrate formation from fuel 
gas mixture in presence of CP in an unstirred reactor. Effect of volume of CP 
(7.5, 15 and 22.5 ml), experimental temperature (275.7 and 285.7 K), SDS 
concentration (100, 300 and 1000 ppm) were investigated at an experimental 
pressure of 6.0 MPa. Based on induction time, rate of hydrate growth, 15 ml of 
CP was found to be optimum. Addition of SDS did not improve the kinetics of 
hydrate formation. At same experimental conditions, unstirred reactor resulted 
in 2.28 times gas uptake compared to stirred tank reactor. The average CO2 





obtained with 15 ml of CP at 6.0 MPa and 275.7 K. A major drawback of 
applying cyclopentane as a promoter is the immiscibility with water, which 
means that the gas has to diffuse through the CP layer and reach the water 
interface to form hydrates, which may be a challenge during process scale up 
since the height of the CP layer will be important in such a situation. 
1.10 Semiclathrate Hydrate former as Promoters 
Semiclathrate hydrates (sc) are a type of clathrate hydrate in which the guest 
molecule along with water molecules form the host framework and also occupy 
the cages of the structure [110]. Quaternary ammonium/phosphonium salts 
form semiclathrate hydrate. Semiclathrate hydrates have significantly attracted 
attention as hydrate promoters for applications such as hydrogen storage, CO2 
capture from flue gas, secondary refrigeration and cold storage [17-19, 36, 111-
121]. This is due to the fact that they can form hydrates at milder experimental 
conditions compared to the classical gas hydrates where small gas molecules 
like methane, hydrogen and CO2 can occupy the small cages.  
1.10.1 Tetra-n-butyl ammonium bromide (TBAB) 
Hydrate phase equilibrium conditions for CO2 + H2 + TBAB was 
presented by Li et al.[122]. Phase equilibrium data in the temperature range of 
274.05 – 288.55, pressure  range of 0.25 to 7.26 MPa in presence of 0.14, 0.21, 
0.29, 0.5, 1.0 and 2.67 mol% of TBAB was measured. The equilibrium data for 
CO2 + H2 + TBAB was remarkably lower than that of mixed CO2 + H2 hydrate. 






Li et al.[123] investigated the kinetics of hydrate formation from fuel 
gas mixture in presence of various concentrations of TBAB in a semi-batch 
stirred tank reactor. The experimental parameters were in TBAB concentration 
(0.14 - 1.0 mol %), temperature (275.15 – 282.45 K), driving force (1.0 – 4.5 
MPa, gas/liquid ratio (0.86 – 6.47) and hydrate growth time of 15 – 120 min. 
The authors observed that the addition of TBAB shortens the induction time 
and also enhances the rate of hydrate formation and CO2 content in the hydrate. 
The authors reported that increase in TBAB concentration beyond 0.29 mol% 
resulted in decrease in gas uptake and hydrate phase CO2 content. Increase in 
driving force shortens the induction time and increases the gas uptake, the rate 
of hydrate formation and hydrate phase CO2 content. H2 was found to occupy 
the hydrate cages if the driving force is above 2.5 MPa. The experimental 
temperature had little effect on the kinetics of hydrate formation at constant 
driving force. The authors presented a one stage hydrate/membrane process 
operating at 3.0 MPa and 278.15 K with 0.29 mol% TBAB [124]. At the end 
of the hydrate process, a 97.28 mol% CO2 rich gas can be obtained. The 
separation factor and split fraction were 0.67 and 136.08 respectively for the 
proposed process. The authors also concluded that with the proposed one stage 
hydrate process, power penalty can be reduced to about 20%.  
Kim et al.[125] investigated the effect of TBAB on the thermodynamics 
and kinetics of hydrate formation form fuel gas mixture in a semi-batch stirred 
tank reactor. The concentration of TBAB employed in their study were 0.5, 1.0, 
3.0 and 6.0 mol% for phase equilibrium measurement. Increase in TBAB 
concentration till 3.0 mol% shifted the phase equilibrium of the mixed 





semiclathrate was in the range of 283 – 290 K for the pressure range of 2.5- 5.0 
MPa in presence of TBAB. Kinetic experiments were carried out at 3.0 MPa 
and ΔT of 3 K with 0.5, 1.0 and 3.0 mol% TBAB solution. With increase in 
TBAB concentration, the induction time decreased. When the TBAB 
concentration was increased from 0.5 to 1.0 mol%, the hydrate formation rate 
increased, but when the TBAB concentration was increased to 3.0 mol%, it 
decreased. The CO2 composition in hydrate phase for 0.5, 1.0, and 3.0 mol% 
TBAB were 85, 89 and 88% respectively. Similar to the rate of hydrate 
formation, the separation factor and split fraction increase and then decreased 
with increase in TBAB concentration. Raman spectroscopy revealed only CO2 
gas molecules in the semiclathrate cages under the experimental conditions 
employed in their study while the gas chromatography results showed 10 - 15% 
H2. The authors suggested that H2 detected in GC may originated from the 
residual gas before decomposition of the hydrate crystals.  
Gholinezhad et al.[126] investigated the effect of 5 and 10 wt% (0.29 and 
0.61 mol%) TBAB on the kinetics and separation efficiency of hydrate 
formation in a mechanically agitated stirred tank reactor maintained at constant 
pressure and temperature. The gas uptake for 0.61 mol% TBAB was nearly 1.7 
times higher than 0.29 mol% TBAB solution. The separation and split fraction 
for 0.29 and 0.61 mol% were 15.7 and 0.41 and 28.0 and 0.48 respectively. 
Their result showed that CO2 can be enriched to 86 mol% in the hydrate phase 
and reduced to 18% in the residual gas phase at the end of the first stage of 
hydrate formation. The authors demonstrated that the CO2 concentration can 





According to the dual nature of CO2 solubility in hydrate and non-hydrate 
forming regions, Li et al.[127] presented a new method of temperature 
fluctuation to promote the kinetics of mixed semiclathrate formation from the 
fuel gas mixture in presence of 0.29 mol% TBAB. During the course of hydrate 
formation, the temperature of the system was increased by 4 K (from 277.15 K 
to 281.15 K) and maintained for 30 min and then the system was restored back 
to the initial experimental temperature of 277.15 K. The experimental 
temperature was fluctuated at the beginning, intermediate and at the completion 
stage of the semiclathrate formation. Temperature fluctuation at the beginning 
of hydrate formation was found to improve the CO2 separation. The authors 
reported that this method of temperature fluctuation improves the hydrate 
formation and results in 35% more gas uptake compared to that without 
temperature fluctuation. Temperature fluctuation at the beginning of hydrate 
formation was found to improve the CO2 separation. The effect of fluctuation 
was found to gradually reduce in the middle of hydrate formation and has little 
effect at the completion of formation. The authors reported better separation 
efficiency than that reported by Linga et al.[10]. 
Xu et al.[128] using a bubble method investigated hydrate formation 
from fuel gas mixture in presence of 0.29 mol% TBAB in a 40 L scaled-up 
equipment. Gas bubbles were introduced from the bottom of the equipment. 
Hydrate formation and shape were captured using a set of visual equipment’s. 
The authors observed hydrate formation on the gas-liquid boundary around the 
gas bubble and then grows gradually and piles up on the bottom side of the 
bubble to form a hydrate particle. Gas bubble size and gas flow rate was found 





in residual gas phase was obtained when the gas bubble size was 50 µm. While 
20 and 100 µm bubble resulted in lower gas uptake. For gas flow rate less than 
6.75 ml/min, no change in gas uptake or CO2 concentration in residual gas 
phase was observed. However, the increase in gas flow rate higher than 6.75 
ml/min resulted in lower gas uptake and higher residual CO2 concentration. It 
must be emphasized that for such a bubbling method, controlling the gas bubble 
size and avoiding hydrate plugs along the column would be a challenge. In 
addition, the use of 0.29 mol% TBAB will result in a significant reduction in 
the maximum gas uptake capacity to 0.0089 mol of gas/mol of water (reduction 
by a factor of 8.9).  
Xu et al.[129] presented a comparison of the effect of stirring and 
bubbling method on the separation of CO2 from fuel gas mixture in presence of 
0.29 mol% TBAB as promoter. In the small scale setup consisting of 180 ml of 
0.29 mol% TBAB solution, experiments were carried at 3.0 MPa and 274.65 
and 274.65 K by stirring and bubbling method. The experimental results were 
similar, indicating that bubbling can replace stirring method. The authors 
investigated the effect of temperature fluctuation in stirring and bubbling 
method. The results suggested that temperature fluctuation during bubbling 
improved hydrate formation. The authors demonstrated an integrated process 
of bubbling along with temperature fluctuation in a 40 L scaled-up equipment. 
The CO2 composition of 40% in the feed gas reduces to 13.2 % in the residual 
gas at the end of formation experiment in the scaled-up apparatus.  
Xu et al.[130] measured the hydrate phase equilibrium for CO2 + H2 + 





process were investigated based on the phase equilibrium data. First stage 
operating with a fuel gas mixture consisting of 40% CO2 in presence of 0.29 
mol% TBAB with 72.3 and 0.66 separation factor and split fraction 
respectively. The second stage and third stage operates with CO2 +H2 gas 
mixture with 18.0 and 10.0 % CO2 concentration. All three stages operate at 
4.0 MPa and 276.15 K with 0.29 mol% TBAB. The CO2 separation efficiency 
was quite low and hence the authors proposed a two stage hydrate process 
coupled with one stage chemical absorption with MEA and demonstrated that 
at the end of the process 99.4 mol% rich H2 residual gas can be obtained. The 
authors did not present the energy consumption estimation.  
Park et al.[81] investigated the effect of TBAB on the thermodynamics 
and kinetics of semiclathrate hydrate formation from the fuel gas mixture. 
Addition of these TBAB reduced the phase equilibrium conditions. Kinetic 
experiments were carried at 8.0 MPa and ∆T of 4 K with TBAB concentration 
of 0.6 and 3.7 mol%. The gas uptake with TBAB was found to be much lower 
than that with pure water at same experimental conditions. NMR and Raman 
spectroscopy revealed the enclathration of H2 and CO2 molecules in the mixed 
semiclathrate hydrate formed.  
Babu et al.[131] systematically evaluated the effect of TBAB 
concentration on gas uptake and separation efficiency in a batch stirred tank 
reactor at 6.0 MPa and 279.2 K. The TBAB concentrations employed were 0.3, 
1.0, 1.5, 2.0 and 3.0 mol%. The authors reported a longer induction time and 
higher total gas uptake and separation factor for 0.3 mol% TBAB solution. For 





Although TBAB concentrations of 1.5, 2.0 and 3.0 mol% have shorter 
induction time, low gas uptake, hydrate growth and separation factor were 
reported. Their work demonstrated that the effect of promoter concentration 
cannot be generalized and it strongly depends on the experimental conditions 
employed. Babu et al.[131] also highlighted an important aspect of TBAB 
hydrate formation at lower concentrations which other literature works did not 
report or notice. They noticed that the gas dissolution before nucleation for the 
TBAB containing system was very high (70.4 ±11.77% of the total gas uptake) 
compared to the hydrate growth region for 0.3 mol% TBAB system. Such high 
gas dissolution was never observed in case of propane (2.5%) or THF 
promoters in the literature for fuel gas mixture.  
1.10.2 Synergistic effect of TBAB and CP 
Li et al.[62, 107] investigated the synergistic effect of 0.29 mol% TBAB 
and CP on the gas uptake and separation efficiency via hydrate formation from 
the fuel gas mixture at various pressure and temperature. Apart from varying 
pressure and temperature, the authors also varied the volume of TBAB and 
CP/TBAB ratio (vol%). For comparison, experiments were carried out with CP 
and TBAB separately as promoter at similar experimental conditions. The 
volume of TBAB also affected the induction time and separation efficiency. A 
CP/Volume ratio of 5 vol% and TBAB/crystallizer volume ratio of 0.54 were 
found to be optimum at 4.0 MPa and 274.65 K. The hydrate phase can be 
enriched with 93% CO2 in a single stage process. Addition of CP into water has 
very little effect on gas uptake, whereas the addition of CP into TBAB solution 





separation factor and split fraction for CP/TBAB/gas system was found to be 
lower than that of TBAB/gas system. PXRD analysis of the formed hydrates 
from CP/TBAB/gas system revealed formation of both classical sII hydrate and 
semiclathrate structure [62]. It must be noted that Lim et al.[108] based on a 
morphology study on CP/water and a fuel gas mixture reported significant CO2 
solubility before the first nucleation point, which could be one of the reasons 
for the faster initial rate of hydrate formation for the CP/0.29mol% TBAB 
combined system. 
1.10.3 Tetra-n-butyl ammonium nitrate (TBAF) 
The effect of tetra-n-butyl ammonium fluoride on the thermodynamics 
and kinetics of hydrate formation from fuel gas mixture was investigated by 
Park et al.[81]. Addition of TBAF shifted the phase equilibrium to much lower 
pressure and higher temperatures. The maximum shift was achieved for the 
stoichiometric concentration of 3.3 mol% TBAF. Addition of TBAF beyond 
this concentration, increased the hydrate phase equilibrium conditions. Kinetics 
of hydrate formation was evaluated at 8.0 MPa and ∆T of 4 K with TBAF 
concentration of 0.8 and 3.3 mol%.  Addition of TBAF did not improve the 
kinetics instead lowered the gas uptake for hydrate formation considerably.  
1.11 Maximum and Experimental Normalized CO2 uptake  
Fuel gas mixture forms sI hydrate structure. An ideal sI hydrate unit cell 
consists of 2 large cages (51262), 6 small cages (512) and 46 water molecules 
[26]. CO2 can occupy both the large cages as well as small cages while H2 





uptake for the CO2 capacity in sI hydrate will be 0.174 mol of CO2/ mol of 
water calculated based on the theoretical hydration number of 5.75 for ideal 
occupancy.  
Promoters like CP, THF and propane will form sII hydrate structure. 
Hence, the addition of these promoters will change the structure of hydrate 
formed from fuel gas mixture from sI to sII. An ideal unit cell of sII hydrate 
consists of 8 large cages (51264), 16 small cages (512) and 136 water molecules 
[26]. The gas storage capacity of sII structure is then 0.176 mol of gas/mol of 
water. All the promoters reported for the fuel gas mixture like propane, THF 
and CP occupy only the large cages and CO2 and H2 competes only for small 
cages. Based on small cage occupancy of CO2, the normalized gas uptake is 
0.118 mol of CO2/mol of water. It is noted that while CO2 on its own does not 
form sII, literature studies in the presence of promoters that occupy the large 
cages of the sII have reported that CO2 occupies some large cages as well and 
hence the CO2 uptake can be tuned in sII if the promoters are present in less 
than stoichiometric concentrations. 
Semiclathrate hydrate forms different types of hydrate structures 
depending on the formation conditions [110]. TBAB forms two different types 
of hydrate; Type A and Type B. An ideal unit cell of type A semiclathrate 
consists of 10 small cages, 20 large cages with hydration number of 26 [110, 
132]. Five tetra-n-butyl ammonium cations occupies the 20 large cages while 
CO2 and H2 competes for the 10 small cages [132]. Normalized gas uptake for 
type A semiclathrate hydrate is 0.077 mol of CO2/mol of water. An ideal unit 





76 water molecules [133]. Two tetra-n-butyl ammonium cations occupies the 8 
large cages while the small cages can be occupied by CO2 and H2. Normalized 
maximum gas uptake for type B semiclathrate hydrate would be 0.079 mol of 
CO2/mol of water.  
Figure 1-8 shows the comparison of maximum CO2 uptake for different 
hydrate structures calculated based on the cage occupancy of CO2. The 
maximum CO2 uptake can be achieved from sII hydrate. But CO2 alone cannot 
stabilize the sII hydrate. Promoters like CP, propane, THF occupy the large 
cages of the sII hydrate and reduces the CO2 uptake considerably. Similarly, in 
case of semiclathrate hydrate, only small cages are available for CO2 and hence 
a lower CO2 uptake capacity. The normalized maximum CO2 uptake based on 
the hydrate structure is in the order of sI > sII > Type B semiclathrate > Type 
A semiclathrate. But in practice, promoters have to be employed to lower the 
operating pressure of the HBGS technology.  
 




















































 Figure 1-9 summaries maximum experimental CO2 uptake achieved in 
120 min at various experimental conditions in different reactor configurations 
reported in the literature. The maximum CO2 capacity (theoretical maximum) 
of different hydrate structures is also presented in the figure. As can be seen 
from the figure, the experimental CO2 uptake was very low compared to the 
maximum CO2 capacity. Most of the studies employed stirred tank reactors and 
hence the agglomeration of hydrate crystals creates a barrier for effective gas-
liquid contact resulting very low gas uptake and low water conversion to 
hydrate. Therefore, there is a need for innovative gas-liquid contact mode, 
which can enhance hydrate formation and maximize the CO2 capacity.  
1.12 Research Objectives 
The main objective of this thesis is to enhance the kinetics of hydrate 
formation and improve separation efficiency of hydrate base gas separation 
technology for CO2 separation from the fuel gas mixture. The thesis focuses on 
the following aspects; 
1. Determine effective gas/liquid contact mode by using suitable porous 
media or innovative reactor design.  
2. Determine the optimum operating conditions for hydrate 
formation/dissociation conditions for separating CO2 from a fuel gas 
mixture with/without additive. 
3. Identification of a suitable additive that can decrease operating 






1.13 Thesis Organization 
Need for CO2 capture and existing and emerging CO2 capture 
technologies are discussed in Chapter 1. Basic information on gas hydrates and 
a comprehensive review of hydrate based gas separation technology for pre-
combustion capture were also provided in Chapter 1.   
Chapter 2 reports the improved kinetics of hydrate formation from fuel 
gas mixture in a novel fixed bed reactor with silica sand and silica gel as a 
porous medium. The dissociation behavior of the formed hydrates from fuel 
gas mixture in the porous media is also presented in this chapter. 
Chapter 3 reports the impact of addition of 2.5 mol% propane on the 
kinetics of hydrate formation in a fixed bed reactor with silica sand and silica 
gel. The impact of water saturation in silica sand on the kinetics of hydrate 
formation is also reported. The hydrate phase equilibrium of fuel gas mixture 
in presence of 2.5 mol% propane is also presented.  
Mechanism of enhanced kinetics of hydrate formation from fuel gas 
mixture in presence of 2.5 mol% propane in a fixed bed reactor with sand is 
presented in Chapter 4. The effect of silica sand bed height on the gas uptake 
for hydrate formation is also reported. 
Chapter 5 reports the impact of addition of tetrahydrofuran and tetra-n-
butyl ammonium bromide at various concentrations in a fixed bed reactor with 
silica sand. The dissociation kinetics of hydrate formed is also presented.  
Chapter 6 reports the enhanced kinetics of hydrate formation from fuel 





porous media. Based on the morphological observations, mechanism of hydrate 
formation is also presented. 
Chapter 7 reports the conclusions of the thesis and finally future 






2 Pre-combustion capture of carbon dioxide in a 
fixed bed reactor using the clathrate hydrate 
process1 
2.1 Introduction 
  In the previous chapter, a comprehensive review of hydrate based gas 
separation for pre-combustion capture was presented. Most of the literature 
works employed traditional stirred tank reactor. It is well known that when 
employing stirred vessels for hydrate formation, agglomeration of hydrate 
crystals creates a barrier at the gas/liquid interface to efficient gas/water contact 
[134]. As a result of this barrier, the rate of crystallization decreases and the 
conversion of water and gas to hydrate are limited. Typical water to hydrate 
conversions in such stirred vessels is about 5‒10% [34]. Hence there is an 
ongoing interest to find the best multi-phase reactor for the gas hydrate 
applications. To overcome this gas/water contact limitation, a fixed bed reactor 
with silica sand and silica gel is employed. The effect of driving force on the 
rate of hydrate formation and the conversion of water to hydrates are evaluated. 
The dissociation behavior of the formed hydrates is investigated by thermal 
stimulation method and its implications on process design are discussed. 
                                                 
1Babu P, Kumar R, Linga P. Pre-combustion capture of carbon dioxide in a fixed bed reactor 






2.2 Experimental Section 
2.2.1 Materials 
The gas mixture employed was CO2/H2 mixture containing 40% by 
mole CO2 corresponding to a typical composition of a fuel gas mixture from an 
integrated coal gasification cycle and was supplied by Soxal Private Limited. 
Silica sand supplied by Sigma‒Aldrich (catalogue number 274739) was used. 
Spherical Silica gel particles with pore diameter of 100 nm and particle size 
distribution of 75‒200 µm purchased from Silicycle was used. Deionized and 
distilled water was used for the experiments. 
 







Figure 2-2: Cross section and top view of the crystallizer showing the 
location of thermocouples within the crystallizer. 
2.2.2 Apparatus 
 A new experimental facility was developed for this work. Figure 2-1 
shows the schematic of the new experimental apparatus. It consists of a 
crystallizer (CR) which is a cylindrical vessel (Internal diameter = 10.2 cm, 
height = 15.2 cm) made up of 316 stainless steel. It has a volume of 1240 cm3. 
The crystallizer is immersed in a temperature controlled water bath. The 
temperature of the water bath is controlled by an external refrigerator/ chiller 
(PolyScience). Two Rosemount smart pressure transducers, model 3051S 
(Emerson Process Management, Singapore) are employed for pressure 
measurement with a maximum uncertainty of 0.1% of the span (0‒20,000 kPa). 
The temperature of the hydrate phase and the gas phase of the crystallizer is 
measured using Omega copper-constantan thermocouples with an uncertainty 
of 0.1 K. Seven thermocouples are located in the crystallizer with one in gas 





thermocouples placed in the crystallizer are shown in Figure 2-2. Hydrate 
formation experiments are conducted in a semi-batch manner at constant 
pressure and temperature. The gas from the reservoir (R) is supplied 
continuously at constant pressure to the reactor containing a fixed amount of 
water. A Control valve (Fisher Baumann) coupled with proportional–integral–
derivative (PID) controller enables carrying out experiments at constant 
pressure. The data acquisition system (National Instruments) is coupled with a 
computer to record the data as well as to communicate with the control valve 
during the experiment and the software used for this purpose is Labview 2010 
(National Instruments). The apparatus is also equipped with a safety pressure 
relief valve.  
2.2.3 Experimental Procedure  
2.2.3.1 Preparation of Silica sand Bed  
 The amount of silica sand placed in the crystallizer is 645.16 g (Height 
of Silica bed = 5 cm). The volume of water required to fill the void space with 
water was 0.217cm3/g, which is the interstitial, or pore volume of the bed of 
sand particles. 140 ml of water was added into the sand. The bed was set up by 
splitting the required amount of sand and water into five equal parts and placing 
each in a batch order to form a uniform bed and also to eliminate the presence 
of any air pocket [135]. 
2.2.3.2 Preparation of Silica gel Bed  
 Silica gel was first dried at 373 K for 24 h and then weighed to 





gel to obtain saturated silica gel. The gel was then placed in a centrifuge and 
spun at 3000 rpm for 3 min to aid the dispersion of water. The crystallizer was 
now charged with the silica gel saturated with water.  
2.2.3.3 Hydrate Formation Procedure: 
Once the crystallizer bed was set up either with silica sand or silica gel, 
the thermocouples were positioned and the crystallizer was closed. The 
crystallizer was pressurized with CO2/H2 gas mixture and depressurized to 
atmospheric pressure three times in order to eliminate the air present in the 
system. The reactor was then pressurized to the desired pressure and 
temperature was allowed to reach the desired value. This time was recorded as 
time zero for formation experiments and temperature and pressure data was 
recorded for every 20 s. As hydrate forms in the crystallizer, there will be a 
pressure drop in the crystallizer due to gas consumption for hydrate formation. 
The pressure in the crystallizer was maintained constant by a PID controller 
coupled with a computer that allows the necessary gas to flow from the 
reservoir to the crystallizer. The pressure data of the reservoir was also recorded 
for every 20 s. The experiment was allowed to continue until no significant 
change in the reservoir pressure was observed.  
Calculation of the amount of gas consumed during hydrate formation 
  At any time, the number of moles of the gas that has been consumed for 
hydrate formation is the difference between the number of moles of gas at time 
= 0 and the number of moles of gas at time t present in the reservoir (R).  
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where the compressibility factor z, is calculated by Pitzer’s correlations [136], 
VR is the volume of the reservoir, P and T are the pressure and temperature of 
the reservoir. 
Conversion of water to hydrates  






Conversion of water hydrates
n
         (2-2) 
where ߂݊ு,↓ is the number of moles of gas consumed for hydrate formation at 
the end of the experiment determined from the gas uptake and ݊ுమை is the total 
number of moles of water in the system. The hydration number is the number 
of water molecules per guest molecule. The hydration number used in the above 
equation is 7.09 [97].   
Calculation of average rate of hydrate formation 
 The rate of hydrate formation is calculated through the forward 
difference method given below  
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2.2.3.4 Hydrate Decomposition Procedure 
 Decomposition experiments were carried out at a constant experimental 
pressure. After the completion of the formation experiment, the hydrates were 
allowed to decompose by heating the system from 274.15 K to two different 
temperatures of 285.15 K and 297.15 K respectively. The hydrate crystals start 
to decompose once the temperature crosses the equilibrium phase boundary 
conditions resulting in an instantaneous pressure rise in the crystallizer.  
However, the crystallizer pressure was kept constant by collecting the 
decomposed gas in a reservoir by using a control valve coupled with a PID 
controller. The rise in the pressure of the reservoir was recorded every 20 s. 
The expansion of gas due to increase in temperature was calculated by 
conducting a control experiment with no-hydrate formation [137]. The 
procedure for the control experiment was as follows: crystallizer bed (with 
water in the porous medium) was setup and thermocouples were connected. 
The crystallizer was cooled to the experimental temperature (274.15 K). The 
crystallizer was then pressurized to the experimental dissociation pressure. 
Once the temperature stabilized (about 5 min), the crystallizer was heated from 
274.15 K to the desired experimental temperature (285.15 K or 297.15 K). 
Expansion of gas in the crystallizer at higher temperature was recorded from 
the pressure rise in the reservoir every 20 s. The difference between the hydrate 
experiments and the control (no-hydrate) experiment corresponds to the gas 







Calculation of the amount of gas recovered during hydrate decomposition 
  At any time, the number of moles of the gas that have been 
released/recovered from hydrate dissociation is the difference between the 
number of moles of gas at time t and the number of moles of gas at time zero 
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where the compressibility factor, z, is calculated by Pitzer’s correlations [136], 
VR is the volume of the reservoir, P and T are the pressure and temperature of 
the reservoir. 
The percent gas recovery is calculated as a function of time for any 
given decomposition experiment based on the information obtained from its 















n   is the number of moles consumed for hydrate formation at 
the end of a typical hydrate formation experiment and  ,H tn   is the number 
of moles released from hydrate during hydrate decomposition at any given 
time. 















                                                (2-6) 
where  ,H tn  is the number of moles of gas released from hydrate during 
hydrate decomposition at any given time and  ,
end
H t
n   is the number of moles 
of gas released at the end of the hydrate dissociation experiment. 
Table 2-1: Experimental conditions along with measured induction times and 
























CO2 / H2 / 
Water/ Silica 
sand 
S1 9.0 0.3 0.0404 28.65 
S2 9.0 18.0 0.0504 35.75 
S3 9.0 2.3 0.0389 27.34 
S4 8.5 928.0 0.0424 30.09 
S5 8.5 439.7 0.0370 26.22 
S6 8.5 619.3 0.0362 25.70 
S7 7.5 1413.0 0.0231 16.35 
S8 7.5 511.0 0.0196 13.92 
CO2 / H2 / 
Water/ Silica 
gel 
G1 9.0 72.0 0.0185 13.04 
G2 9.0 1041.0 0.0169 11.96 
G3 8.5 618.3 0.0166 11.77 
G4 8.5 1.33 0.0140 9.88 
G5 7.5 14.0 0.0187 13.30 
G6 7.5 Did not nucleate for 48h 





2.3 Results and Discussion 
2.3.1 Hydrate Formation 
 The minimum pressure required to form hydrate crystals from the fuel 
gas consisting of 40 % CO2/60% H2 was found to be 5.56 MPa at 273.9 K [84]. 
It was decided to employ liquid water for the separation process and hence 
kinetic experiments were conducted at 274.15 K and three different pressures 
(7.5, 8.5 and 9 MPa). Table 2-1 summarizes the hydrate formation experimental 
conditions and results, indicating induction time, moles of gas consumed and 
water conversion achieved.   
2.3.2  Silica Sand Experiments 
 Typical gas uptake measurement curve along with temperature profiles 
of the thermocouples located in the silica sand bed is shown in Figure 2-3. It is 
noted that the general characteristics of the gas uptake curve resemble the one 
obtained in a stirred tank reactor [9, 138]. There are three stages during the 
hydrate formation. Firstly, the gas diffuses into the water present between the 
inter-particle spaces of the sand bed. This step can be clearly seen in figure (gas 
uptake from 0 to 9 h). The second step is the super saturation and nucleation 
step. This step involves the formation of a stable nuclei or critical nuclei. The 
final step is the hydrate growth, where hydrate formation continues to occur in 
the bed and is seen after 15.43 h in Figure 2-3. The sudden increase in 
temperature and gas consumption marks the start of the hydrate growth step. 
The exothermic peak indicates the drastic growth of hydrate particles which 






Figure 2-3: Typical gas uptake measurement curve together with the 
temperature profile at 8.5 MPa and 274.15 K (Experiment S4). 
The expanded graph in Figure 2-3 shows the induction point and the 
subsequent hydrate growth. It can be seen in the expanded graph that all the 
thermocouples show an increase in temperature at the same time indicating that 
the nucleation step is uniform and the extent of temperature increase at a 





vicinity. It is noted that thermocouples T1, T2, T3 and T4 are all located at the 
same radial distance from the reactor wall (see Figure 2-2). Since the 
crystallizer is immersed in a constant temperature controlled bath, the 
temperature of the bed is gradually restored to 274.15 K. Throughout the 
experiment, it can be seen that only one nucleation event was observed. This 
behavior was observed in all the experiments performed in the presence of 
silica sand in this study.  
 It is noted that the fuel gas mixture (CO2/H2) used in this study forms 
structure I [97]. It is interesting to note that the characteristics of hydrate 
formation in silica sand are dependent on the type of guest gas involved in the 
formation of hydrates. The observations reported in the literature [135, 139] for 
methane hydrate formation in silica sand (same sand used in this study) was 
completely different to what was observed for the mixed hydrate formation of 
CO2/H2 in this study even though both studies were on the structure I hydrate 
formation. Linga et al.[135] and Haligva et al.[139] observed multiple 
nucleation events within the bed occurring at different times and the hydrate 
growth was observed to happen in fits and starts. This observation was recently 
independently confirmed by a morphology study done by Jin et al.[140] in 
which they reported that methane hydrate growth in porous media was multi 
staged. For all the experiments conducted on the fuel gas mixture in this study, 
we observed only one nucleation event.  
Figure 2-4 shows the effect of driving force on the hydrate growth 
measured at the three different pressures experimented at 274.15 K in silica 





nucleation or induction point (for about 10 min) seems to be same for all the 
three experimental pressures. After 10 min, higher growth rates were observed 
for the experiment conducted at 9.0 MPa followed by 8.5 MPa, and 7.5 MPa 
respectively. As can be seen in the figure, after 4 h of hydrate growth, the gas 
consumption for 9.0 MPa experiment was 154.3% higher than the experiment 
conducted at 8.5 MPa and 205.7% higher than the experiment conducted at 7.5 
MPa.   
 
Figure 2-4: Effect of driving force on the gas uptake curve in silica sand bed. 
Time zero corresponds to the induction time for the experiment. 
Figure 2-5 shows the average rate of hydrate growth for all experiments 
conducted at different pressures and 274.15 K in silica sand bed. It can be seen 
that the rate of hydrate formation is faster as the driving force increases and 
hence resulting in higher water to hydrate conversion (see Table 2-1). The 
initial rate of hydrate growth at different experimental pressures are of the order 
9.0 MPa > 8.5 MPa > 7.5 MPa while later on there is no distinct difference in 






Figure 2-5: Comparison of rate of hydrate formation at different pressure and 
274.15 K in silica sand bed. Time zero corresponds to the induction time of 
the experiments. 
2.3.2.1 Silica Gel Experiments 
 Figure 2-6 shows the gas uptake measurement curve of a formation 
experiment carried out at 9.0 MPa along with the temperature profiles of the 
thermocouples located in the silica gel bed. The data during the first 4 h after 
nucleation is shown in the expanded graph. The gas consumption profile shows 
two stages: nucleation and hydrate growth stage. For all the experiments 
conducted with silica gel there was no dissolution phase. This is due to the fact 
that all the water taken for the experiment is present in the pores of the silica 
gels and we believe that the nucleation is happening at the gas/water/pore 
contact. Whereas in the case of hydrate formation in silica sand, we could 
observe a clear dissolution phase since water is present between the interstitial 
spaces of the sand particles (see Figure 2-3). It can also be seen from Figure 2-





reaches a plateau, which results in low gas consumption and water conversion 
to hydrate (see Table 2-1).   
  
 
Figure 2-6: Typical gas uptake measurement curve together with the 
temperature profile at 9.0 MPa and 274.15 K (Experiment G2). 
Figure 2-7 shows the hydrate growth curves for the first 4 h after 
nucleation for the experiments conducted in silica gel bed at different 
experimental pressures of 7.5, 8.5 and 9.0 MPa.  It is interesting to note here 





growth. This was observed in all the other experiments as well, but is not shown 
here. This is an important observation and is in complete contrast to what was 
observed in the experiments conducted in the presence of silica sand in this 
work and in the literature for fuel gas mixture conducted in bulk water [9]. 
 
Figure 2-7: Effect of driving force on the gas uptake curve in silica gel bed. 
Time zero corresponds to the induction time for the experiment. 
 It has been observed in the literature that the rate of hydrate growth is 
a function of pore diameter, which is a significant parameter for hydrate growth 
studies in silica gel having small pores [141]. When using silica gel as a 
medium for gas/water contact for hydrate formation, availability of water in the 
pores and the diffusion of the hydrate forming gases into the pores plays an 
important role. For a completely water saturated silica gel bed most of the water 
is present inside the pores of the gels. Hence the gas is readily available at the 
outer wall of the gel for consumption during hydrate growth. It is important to 





gas at higher pressures may possibly result in similar growth rates and quite 
low water to hydrate conversion. 
 
Figure 2-8: Comparison of rate of hydrate formation at different pressure and 
274.15 K in silica gel bed. Time zero corresponds to the induction time for 
the experiment. 
 The average rate of hydrate formation for all experiments conducted in 
silica gel bed is shown in Figure 2-8. The expanded graph shows the rate of 
formation for the first 2 h after nucleation. Initial rate of hydrate formation is 
faster and later it slows down. Similar to the gas uptake measurement curve, 
there is no significant effect of driving force on the rate of hydrate formation.  
2.3.2.2 Discussion  
Induction time is an important characteristic of the kinetics of hydrate 
formation. Induction time is defined as the time required for the appearance of 
the hydrate nuclei of critical size which can grow further to macroscopic size 





experiments in silica sand and silica gel is given in Table 2-1. The average 
induction time for experiments at 7.5, 8.5 and 9.0 MPa in silica sand were 962.0 
(±637.8), 662.3 (±247.0) and 6.9 (±9.7) min respectively. In case of silica sand 
experiments, the average induction time decreases with increase in 
experimental pressure. In case of silica gel, the average induction time for 8.5 
and 9.0 MPa were 556.5 (±685.2) and 309.8 (±436.3) min respectively. At 7.5 
MPa and 274.2 K, in silica gel one of the experiment did not nucleate for 48 h. 
Induction time is stochastic in nature and depends on factors like driving force, 
experimental conditions, reactor configuration, gas solubility, promoter 
concentration, and solution state (fresh or memory). In general, increase in 
driving force, decreases the induction time. From practical point of view, a 
shorter induction time is desirable for implementation of HBGS technology 
commercially for CO2 capture. 
 
Figure 2-9: Gas uptake measurement curve at 9.0 MPa and 274.15 K in silica 






Figure 2-9 shows the gas uptake measurement curve for the experiment 
conducted at 9.0 MPa and 274.15 K in silica sand bed and in silica gel bed. It 
can be seen that initially, the moles of gas consumed are same between the sand 
and the silica gel experiments. The water conversion to hydrate (%) is also 
presented in Figure 2-9 as the secondary y-axis. The gas uptake in the silica gel 
bed reaches a plateau after 3 h, indicating no-hydrate formation, whereas in the 
silica sand bed hydrate formation continues to happen and hence resulting in a 
higher conversion of water to hydrate. As can be seen in the figure, the 
conversion of water to hydrates for the silica gel bed is 12.0%, whereas for the 
sand bed it is 22.0% after 4 h of hydrate formation.  
 Diffusion rates of gases through porous materials depends on the 
properties of the medium such as porosity, pore size and pore connections 
[142]. In silica gel, internal pore space is the dominant contributor to bed 
porosity with inter-particle spaces playing a lesser role whereas in silica sand 
inter-particle space is the dominant contributor to bed porosity. We believe that 
the resistance for the diffusion of gas molecules into internal pore spaces is 
greater than that of diffusion of gas molecules into inter-particle spaces. In 
silica sand, water occupies the inter-particle space. Hydrates are formed 
between the inter-particle spaces. As the hydrate grows, water is transferred 
from the vicinity by capillary action to the hydrate crystals for further growth, 
thereby providing tortuous pathways for the gas molecules inside the bed.  
In silica gel, water occupies the internal pore spaces. We believe that 
the nucleation occurs at gas‒liquid‒solid interface, i.e. the pore walls. Hydrate 





diffusion into the pores for hydrate formation. Hence the gas uptake curve 
reaches a plateau after few hours (see Figure 2-6 and 2-7) from nucleation and 
thereby resulting in low water to hydrate conversions. It can also be seen from 
Figure 2-3 that the temperature increase due to heat released by the exothermic 
reaction at the nucleation point is from 274.15 to 277.15 K in the presence of 
silica sand. For the case of silica gel (Figure 2-6), the temperature increase at 
the nucleation point is from 274.15 to 279.15 K. There are two possible reasons 
for this, one is the fact that the temperature increase can be related to the extent 
of hydrate formation and the other possibility is the heat transfer effects. The 
first case cannot be true as the gas consumption initially after nucleation in the 
both the beds are more or less same (see extended graphs in Figure 2-3 and 
Figure 2-6). This shows that the heat removal in a silica gel bed is slow 
compared to the silica sand bed. It is also noted that the temperature is brought 
back to the experimented control temperature of 274.15 within 1 h (see 
extended graph in Figure 2-3) in the silica sand bed, whereas it takes about 2 h 





2.3.3 Hydrate Decomposition 
 
Figure 2-10: Normalized gas recovery profile along with temperature profile 
for decomposition in silica sand bed at 297.15 K (Experiment S1). 
Gas recovery curve along with the temperature profile of the 
thermocouples located in the crystallizer for decomposition experiments in 
silica sand bed at 297.15 K is shown in Figure 2-10. Since each formation 
experiment had different amounts of gas consumption for hydrate formation, 
the recovery curves are presented as normalized curves (equation 6). It can be 
clearly seen in the figure that the temperature profile of the thermocouples 
located in the bed deviates from that of the gas phase and water bath. This is 
mainly due to the endothermic nature of the hydrate decomposition. The gas 
recovery curve reaches a plateau at around 1.5 h when heated from 274.15 K 
to 297.15 K. Gas recovery curve when heated from 274.15 to 284.15 for silica 
sand bed is shown in Figure 2-11. It is noted from the figure that when heated 





a steady state. The recovery curves for the silica gel experiments exhibited 
similar dissociation characteristics.  
 
Figure 2-11: Normalized gas recovery profile along with temperature profile 
for decomposition in silica sand bed at 284.15 K (Experiment S2). 
Figure 2-12 shows the comparison of normalized gas recovery curves 
for ΔT of 23 K obtained from the silica sand and silica gel experiments after a 
dissociation time of 10 h. As can be seen in the figure, the dissociation behavior 
of the hydrates formed in the gel and sand exhibited similar dissociation 
characteristics based on the gas recovery curves.It is important to note that 
when the hydrate sample was heated for dissociation at a constant pressure, the 
gas released was collected in the reservoir. This gas released/recovered is not 
entirely due to hydrate dissociation and also includes the gas released due to 
thermal expansion of the gas present in the crystallizer during heating. This gas 
release due to thermal expansion is significant and needs to be accounted in 
order to determine the exact amount of gas released due to hydrate 






Figure 2-12: Normalized gas recovery curves for hydrate decomposition in 
silica gel and silica sand bed. The results are normalized at the dissociation 
time of 10 h for both the experiments. 
 
Figure 2-13: Gas recovery curves for the control experiment (NHE), hydrate 
experiment (HE), and the calculated gas recovery curve due to decomposition 






Figure 2-13 shows the gas recovery curves for the gas released from the 
hydrate dissociation experiment and the control experiment. nHE (red solid line) 
is the typical recovery curve obtained from the dissociation experiment. nNHE 
(blue dashed line) is the recovery curve of the gas released due to thermal 
expansion during heating (control experiment performed without hydrates). 
nHE‒nNHE (black dotted line) is the gas recovery curve due to hydrate 
dissociation. As can be clearly seen in the figure, the gas released due to thermal 
expansion during thermal stimulation is significant and hence need to be 
accounted for when thermal stimulation approach is employed for hydrate 
dissociation. 
 
Figure 2-14: Temperature profile for the no-hydrate experiment (NHE) and 
the hydrate experiment (HE) for Experiment S7. 
 The temperature profile of T1 for the control experiment and for a 
dissociation experiment is shown in Figure 2-14. The heat consumed for 





profile of the hydrate dissociation experiment from that of the control 
experiment. 

















CO2 / H2 / 
Water/ 
Silica sand 
S1 9.0 23 0.1596 50.8 20 
S2 9.0 10 0.1065 27.2 10 
S3 2.7 23 0.3015 99.6 20 
S4 8.5 10 0.0911 27.6 10 
S5 8.5 10 0.0986 34.3 10 
S7 7.5 10 0.0398 22.2 10 
CO2 / H2 / 
Water/ 
Silica gel 
G1 9.0 10 0.1017 70.7 10 
G2 9.0 23 0.1139 86.7 20 
G3 8.5 10 0.1001 74.8 10 
G5 7.5 10 0.0923 63.5 10 
Table 2-2 summarizes the hydrate decomposition experimental 
conditions along with the amount of gas recovered from the decomposing 
hydrates after compensating for the gas released due to thermal expansion. The 
experiment number listed in Table 2-2 corresponds to the formation experiment 
number listed in Table 2-1. As it can be seen the gas recovered from the sand 
and gel experiments was low in the range of 0.0398 ‒ 0.1596 moles for the 
dissociation experiments conducted at 7.5, 8.5, and 9.0 MPa, respectively for 
the driving force (ΔT) of 10 and 23 K. In terms of percent recovery, for the 
dissociation experiments conducted in sand at 7.5, 8.5 and 9.0 MPa 
respectively, the recovery was about 22.2 ‒ 34.3% for ΔT of 10 K. For ΔT of 
23 K, the final recovery at 9.0 MPa was 50.8%. In the case of silica gel, the 
percent recovery was about 63.5 ‒ 74.8% for ΔT of 10 K and at experimental 





recovery at 9.0 MPa was 86.7%. The percent recovery for silica sand are on the 
lower side compared to silica gel experiments due to the fact that the gas 
consumption for hydrate formation was significantly higher in the sand 
experiments compared to the gel formation experiments (see Table 2-1). 
 
Figure 2-15: Gas recovery curves for the control experiment (NHE), hydrate 
experiment (HE, hydrate dissociation and thermal expansion), and the 
calculated gas recovery curve due to decomposition (HE‒NHE) for 
Experiment S3. 
Based on the gas recovery data (Table 2-2), it is clear that dissociation 
of hydrate crystals at 9.0, 8.5 and 7.5 MPa, respectively in the sand/gel bed (as 
can be seen from the gas recovery % shown in Table 2-2) is not complete. A 
possible reason for this is the fact that the hydrate sample formed from a fuel 
gas mixture is enriched in CO2 to about 83 ‒ 95% [10, 15, 143]. The equilibrium 
hydrate formation conditions for this enriched mixture is significantly lower 
compared to the fuel gas mixture (40%CO2/60%H2) [84]. Hence we conducted 





with a thermal stimulation (heating) of 23 K. After the pressure reduction from 
9.0 to 2.7 MPa, the hydrate crystals were dissociated by heating the crystallizer 
from 274.15 K to 297.15 K. Gas recovery profiles for the dissociation 
experiment and the control experiment are shown in Figure 2-15. 99.6% of the 
gas was recovered as can be seen in Table 2-2. The implications of this 
approach is that when employing the clathrate process for gas separation, a 
combination of pressure reduction and thermal stimulation (which would be the 
preferred mode as waste heat or water at room temperature can be employed 
for hydrate dissociation) of ΔT of 23 K is sufficient to completely recover gas 
captured in hydrates. Complete recovery (99.6%) was achieved in less than one 
hour. It is noted that the recovery time will shorten further as the driving force 
for thermal stimulation is increased. 
2.4 Conclusion 
 Experiments were conducted at three different pressures and 274.15 K 
in Silica sand bed and Silica gel bed separately. Water conversion up to 36 % 
was achieved at 9.0 MPa and 274.15 K in silica sand bed. In silica gel bed, 
water conversion was low and maximum of 13.30 % was achieved. In silica 
sand bed, effect of driving force on the gas uptake was profound/significant, 
whereas in silica gel, it showed little difference at all formation conditions. Gas 
uptake measurement curves in silica gel bed showed an increase in gas uptake 
at nucleation but reached a plateau after 3 h from nucleation point. Hydrate 
dissociation experiments were conducted at the formation experimental 
pressures for two driving forces of ΔT of 10 and 23 K respectively. Only partial 





pressure. Hence a combination of depressurization and thermal stimulation was 
employed for the complete dissociation of the hydrates. A driving force of 23 
K was found to be sufficient to recover all the gas separated as hydrates within 
1 h. From the results, it can be concluded that silica sand can be an effective 
porous medium and an operating pressure of 9.0 MPa would be required for the 






3 Enhanced hydrate formation in a FBR in presence 
of small quantity of propane as a promoter2,3 
3.1 Introduction 
In order to overcome gas-liquid contact limitation, fixed bed reactor was 
employed in Chapter 2. Improved gas uptake and water conversion to hydrate 
was achieved by employing a fixed bed reactor. The operating pressure of 9.0 
MPa was required to achieve better gas uptake. However the pressure of typical 
fuel gas mixture coming out of IGCC power plant is in the range of 2.0 – 7.0 
MPa [1], which would require significant compression of the fuel gas mixture 
before hydrate formation. Hence there is ongoing interest for employing 
promoters for reducing the operating pressures.  
In this chapter, 2.5 mol% propane was employed as a promoter to reduce 
the operating pressure for HBGS technology since addition of 2.5 mol% 
propane does not compromise the separation efficiency [24]. Apart from 
competing for small cages, CO2 was reported to occupy 57% of the large cages 
along with propane when hydrate is formed from the fuel gas mixture in 
presence of 2.5 mol% propane which will further increase the maximum CO2 
capacity of the sII hydrate structure [97, 98]. The effect of 2.5 mol% propane 
                                                 
2 Babu P, Yang T, Veluswamy HP, Kumar R, Linga P. Hydrate phase equilibrium of ternary 
gas mixtures containing carbon dioxide, hydrogen and propane. The Journal of Chemical 
Thermodynamics. 2013; 61(1):58-63. 
3 Babu P, Kumar R, Linga P. Medium pressure hydrate based gas separation (HBGS) process 
for pre-combustion capture of carbon dioxide employing a novel fixed bed reactor. 






on the thermodynamics and kinetics of hydrate formation from the fuel gas 
mixture is investigated. Kinetic performance is evaluated at moderate pressures 
by employing a fixed bed column with 2.5 mol% propane as a promoter. Both 
silica gel and silica sand are employed as medium to test their kinetic 
performance. In addition, the effect of water saturation in silica sand bed is 
investigated.  
3.2 Experimental  
3.2.1 Materials 
The gas mixture employed was 38.1/59.4/2.5 (mol%) CO2/H2/C3H8 gas 
mixture supplied by Soxal Private Limited. Silica sand supplied by Sigma‒
Aldrich was used. Spherical Silica gel particles with pore diameter of 100 nm 
and particle size distribution of 75‒200 µm purchased from Silicycle was used. 
Deionized and distilled water was used for the experiments. 
 





3.2.2 Phase equilibrium measurement 
3.2.2.1 Apparatus 
 
Figure 3-2: Crystallizer used for determining the equilibrium hydrate 
formation conditions. 
Figure 3-1 shows the schematic of the new experimental apparatus. The 
apparatus consists of a crystallizer which comprises of two main parts, a hollow 
and transparent Polyacrylic column and a pair of stainless steel (SS316) lids. 
The ID and vertical length of Polyacrylic column is 25 mm and 75 mm 
respectively. The top and bottom lids were cylindrical plates with 44 mm in 
height and 125 mm in outer diameter. The actual picture of the crystallizer is 
shown in Figure 3-2. The crystallizer is designed for an experimental pressure 
of 10.0 MPa. An Omega copper-constantan thermocouple with an uncertainty 





to monitor the temperature changes during hydrate formation/decomposition. 
The crystallizer is immersed into a temperature controlled water bath which 
was made of 10 mm thick Plexiglas to allow visual observations from outside. 
The temperature of the water bath is controlled by an external refrigerator. A 
Rosemount smart pressure transmitter with a maximum uncertainty of 0.1% of 
the span (0-20,000 kPa) and a pressure gauge are employed to measure the 
pressure inside the crystallizer. The data is recorded for every 20 s by a data 
acquisition system connected to a personal computer for analysis. A sampling 
valve is also located on the top of the lid of the crystallizer for collecting sample 
gas for analysis on a gas chromatography. Stirring is possible since a magnetic 
stirrer is inserted and placed at the bottom the crystallizer. A microscope was 
used during the experiments to observe hydrate crystals inside the crystallizer. 
3.2.2.2 Experimental Procedure: 
Isochoric experimental procedure was employed for determining the 
equilibrium pressure and temperature for the given ternary mixture [21, 144, 
145]. Approximately 12 ml of water was initially charged into the crystallizer. 
The crystallizer was closed and the thermocouple was inserted. The crystallizer 
was then immersed in a temperature controlled water bath. The crystallizer was 
pressurized with desired CO2/H2/C3H8 gas mixture and depressurized to 
atmospheric pressure three times in order to eliminate the presence of any air 
bubble in the reactor system. The reactor was cooled down to the desired 
temperature (274.15 K) by an external refrigerator. The reactor was then 
pressurized to a desired experimental pressure with the predetermined gaseous 





(about 5 min), the liquid contents were mixed by the magnetic stirrer bar 
immersed in the reactor coupled with an external stirrer motor. Due to a definite 
driving force (ΔP), hydrates are formed and hence there was a pressure drop 
due to gas consumption. After the reactor reached steady state, the hydrates 
were decomposed by heating the reactor contents to room temperature (297 K). 
This was repeated twice in order to remove the hysteresis effect [146]. The 
procedure for hydrate formation was repeated as stated above. At the end of the 
hydrate formation (when there was no further pressure drop), the dissociation 
step was initiated to determine the equilibrium hydrate formation temperature. 
The reactor contents were heated by a heating rate of 0.1 K/h in a stepwise 
manner. The crystals in the liquid phase were monitored using a microscope. 
The next heating step was initiated after the pressure in the crystallizer 
stabilized. This heating step was continued until there were minute crystals 
seen in co-existence with the liquid and vapor phase. At this point, the crystals 
were observed for a standby period of 8-10 h. The temperature and pressure 
were recorded as equilibrium points. The vapor phase was then analyzed 
through a gas chromatography coupled with the experimental set up in order to 
determine the equilibrium vapor phase composition.  
For measurements at low pressures below 4.5 MPa, small amount of 
hydrates were formed at a higher pressure (based on visual observation) and at 
274 K. Then the pressure in the system was reduced to a desired lower pressure 
and the system was allowed to reach steady state (no change in pressure and 
temperature). Now the dissociation step was initiated by heating the reactor 
contents by a heating rate of 0.1 K/h in a stepwise manner. The rest of the 





procedure was applied due to the fact that at low driving forces, it might take 
substantially long time to form hydrates. Each equilibrium data point was 
measured three times and the average values are reported in this study. 
3.2.3 Kinetic gas uptake measurement 
Detailed description of the apparatus, hydrate formation and 
decomposition procedure and normalized gas uptake, the rate of hydrate 
formation and gas recovery calculation procedure is given in Chapter 2. 
Table 3-1: Incipient hydrate formation conditions for ternary gas mixture 
containing mole fraction of 38.1% CO2, 59.4% H2 and 2.5% C3H8 gas mixture 




Equilibrium gas phase 
composition 
(CO2:H2:C3H8, mole 




275.3 2510 37.97:59.01:3.02 
277.8 3137 37.32:59.91:2.78 
278.4 3597 33.77:62.32:3.91 
278.8 3814 34.57:61.90:3.53 
280.2 4571 29.58:65.97:4.45 
280.8 5099 32.74:64.96:2.3 
281.1 5529 30.2:66.90:2.9 
281.4 6040 31.2:66.7:2.1 
281.8 6287 29.6:68.7:1.7 
282.1 6711 31.25:64.84:3.91 
282.6 7034 31.03:64.85:4.12 
282.9 7713 31.18:64.69:4.13 
283.2 7946 31.40:65.20:3.4 
*The uncertainty of equilibrium gas phase composition is ±0.1 mole fraction % 
3.3 Results and discussion  
3.3.1 Phase equilibrium measurement 
Incipient equilibrium hydrate formation conditions for ternary gas 
mixture containing mole fraction of 38.1% CO2, 59.4% H2 and 2.5%C3H8 is 





average of three measurements for the pressure data is presented in Table 3-1. 
It is noted that the maximum uncertainty for the determined experimental 
equilibrium pressures was found to be less than 0.81% (20 kPa).  
 
Figure 3-3: Hydrate phase equilibrium for gas mixture containing mole 
fraction of 39.2%CO2, 60.8%H2 and ternary gas mixture containing mole 
fraction of 38.1% CO2, 59.4% H2 and 2.5% C3H8. 
The equilibrium pressure-temperature data are plotted and shown in 
Figure 3-3. As it can be seen in the figure, the hydrate formation pressure at 
any given temperature shifts to lower pressure than those for binary gas mixture 
containing mole fraction of 39.2% CO2 and 60.8% H2. Inclusion of propane 
results in a lower pressure required to form hydrates at a given temperature. 
The equilibrium hydrate formation pressure for the gas mixture containing 
mole fraction of 39.2% CO2 and 60.8% H2 was 10.74 MPa at 278.4 K [84]. The 
equilibrium pressure was reduced to 3.5 MPa at 278.4 K in the presence of 2.5 
mol% propane. There is almost 66% reduction in the required pressure to form 





composition of CO2 in the gas phase (shown in Table 3-1) decreases as the 
pressure or temperature is increased, suggesting that the hydrate phase is 
getting enriched with CO2. 
Clausius–Clapeyron equation can be used to calculate the heat of 
hydrate dissociation. The slope of logarithmic of the hydrate dissociation 
pressure plotted against reciprocal temperature will give the negative heat of 
dissociation divided by the product of compressibility factor and the gas 
constant [147].  
  dHd ln P1 zRd T
             (3-1) 
where P and T are the absolute pressures and temperature of hydrate 
equilibrium with vapor and liquid water, R is the universal constant, and z is 
the gas compressibility.  
 
Figure 3-4: A Clausius-Clapeyron plot based on the hydrate equilibrium data 





A Clausius–Clapeyron plot of the experimental data presented in Table 
3-1 is plotted in Figure 3-4. The literature data for a similar three component 
system containing mole fraction of 38.3 % CO2, 58.5% H2 and 3.2% C3H8 is 
also presented [84]. The heat of dissociation was found to be 101 KJ/mol. The 
heat of dissociation suggests that the mixed hydrate formed from the ternary 
gas mixture containing mole fraction of 38.1% CO2, 59.4% H2 and 2.5% C3H8 
is structure II (sII) hydrate. Using powder-XRD and NMR spectroscopy, 
Kumar et al.[97] has reported that the hydrate formed from a ternary mixture 
containing mole fraction of 38.2% CO2,59.2% H2 and 2.6% C3H8 is mainly 
structure sII hydrate.  
3.3.2 Kinetic gas uptake measurement 
Kinetic experiments were carried out at 274.15 K and three different 
pressures (6.0, 5.5, 4.5 MPa). Table 3-1 summarizes the hydrate formation 
experimental conditions and results, indicating induction time, moles of gas 
consumed and water conversion achieved.  The minimum pressure required to 
form hydrate at 274.15 K with the gas mixture used in this study is 2.3 MPa. 
The hydrate formed from a 38.1/59.4/2.5 (mol%) CO2/H2/C3H8 gas mixture is 





























CO2 (38.1)/ H2 (59.4)/ 
C3H8 (2.5)/ water/ 
silica sand 
S1 100 6.0 0.33 15 0.0383 38.5 
S2 100 6.0 1.33 15 0.0318 32.0 
S3 100 5.5 871.7 15 0.0280 28.2 
S4 100 5.5 1888.3 15 0.0322 32.4 
S5 100 4.5 21.0 15 0.0116 11.7 
S6 100 4.5 105.3 15 0.0115 11.5 
S7 75 6.0 0.7 15 0.0358 36.0 
S8 75 6.0 0.3 15 0.0347 34.9 
S9 50 6.0 0.7 8 0.0721 72.4 
S10 50 6.0 0.3 15 0.0701 70.5 
 
 
CO2 (38.1)/ H2 (59.4)/ 
C3H8 (2.5)/ water / 
silica gel 
G1 100 6.0 4.0 15 0.0114 11.4 
G2 100 6.0 5.0 15 0.0122 12.3 
G3 100 5.5 5.0 15 0.0135 13.6 
G4 100 5.5 1.0 15 0.0093 9.4 
G5 100 5.5 6.0 15 0.0086 8.6 
G6 100 4.5 1.0 15 0.0051 5.1 
G7 100 4.5 15.0 15 0.0086 8.6 





3.3.2.1 Gas uptake and temperature profiles  
 
Figure 3-5: Typical gas uptake measurement curve together with the 
temperature profile at 5.5MPa and 274.15K (Experiment S4). 
A typical gas consumption curve of a formation experiment at 5.5 MPa 
(Experiment S4 in Table 3-2) along with temperature profiles of thermocouples 
at different locations in the silica sand bed is shown in Figure 3-5. As expected, 
first the gas diffuses into the water present in the inter-particle space in the sand 
bed, followed by the nucleation and then hydrate growth is observed. The 





hydrate growth. The heat released during hydrate formation can be seen by a 
sudden increase in the temperature in the figure at 31.5 h which is denoted as 
induction time or nucleation time. The crystallizer is immersed in a temperature 
controlled water bath and thus the temperature is gradually restored to 274.15 
K. The hydrate formation slows down after a few hours from nucleation and 
reaches a plateau, which indicates no further gas consumption for hydrate 
formation.  
The characteristics of hydrate formation in silica sand bed are 
dependent on the type of guest gas involved in the hydrate formation. Linga et 
al.[135] and Haligva et al.[139] observed multiple nucleation events within the 
silica sand bed occurring at different time for methane hydrate formation. 
Recently, Jin et al.[140] reported that methane hydrate growth in porous media 
is a multi-stage phenomena based on morphological observations. In Chapter 
2 single nucleation event for all experiments conducted on the 40/60 (mol%) 
CO2/ H2 fuel gas mixture in silica sand bed was observed. In this study in the 
presence of 2.5 mol% propane in the fuel gas mixture we observed multiple 
nucleation events in silica sand bed. The expanded graph in the figure shows 
the multiple nucleation events within silica sand bed. The first temperature 
spike at all thermocouples due to hydrate nucleation can be seen at 31.5 h 
(shown as point A in the figure) in the expanded graph. Temperature spike at 
32.0 h is observed due to localized hydrate nucleation shown as point B in 
figure. The temperature spike at 32.1 h shown as point C may be due to 
localized nucleation event in the vicinity of T2 or heat transfer in the silica sand 
bed from the previous nucleation event.  It can also be noted from the figure 





localized and hence the temperature spike in the thermocouple in that vicinity 
is observed. 
 
Figure 3-6: Typical gas uptake measurement curve together with the 
temperature profile at 6.0 MPa and 274.15 K (Experiment G2). 
Figure 3-6 shows a typical gas uptake curve of a formation experiment 
at 6.0 MPa along with temperature profiles of the thermocouples in silica gel 
bed. Nucleation and hydrate growth stage were observed in all experiments 
conducted in silica gel bed. From the gas uptake curve, it is clear that in the 
silica gel experiments no dissolution phase was observed. The hydrate growth 
slows down after 3 h from nucleation and reaches a plateau or steady state (no 
further hydrate formation). In silica gel experiments, hydrate formation was 
observed within a few minutes from pressurization of the reactor to the desired 
experimental pressure. In the case of silica gel, two types of channels are 
available for the water and gas to come in contact. One of them is inter-particle 
space and the other one is intra-particle space (these pores are not available in 





water saturated pores, and it is expected that the inter-particle space is still 
available for the gas to diffuse through the water saturated pores, resulting in 
shorter induction time. It is important to note that the nucleation process is 
stochastic in nature and the induction time can depend on many other factors 
like driving force, saturation of the gas in liquid, and so on. The average 
induction time for experiments with silica sand at 4.5, 5.5 and 6.0 MPa were 
63.2 (±59.6), 1380.0 (±718.8) and 0.9 (±0.7) min respectively. In case of silica 
gel, the average induction time were 8.0 (±9.9), 4.0 (±2.7) and 4.5 (±0.7) min 
for experiments at 7.5, 8.5 and 9.0 MPa respectively. Our results show that the 
nucleation or the induction time for the gel experiments happen at shorter 
experimental times than compared to the 100% water saturated sand (see Table 
3-2).  
3.3.2.2 Effect of experimental pressure 
 
Figure 3-7: Effect of driving force on the gas uptake curve in silica sand bed. 





Figure 3-7 shows the effect of experimental pressure on the hydrate 
growth measured at the three different pressures experimented at 274.15 K in 
silica sand bed for the first 4 h after nucleation. The equivalent conversion of 
water to hydrates due to hydrate growth is presented as a secondary y-axis in 
the figure. Gas uptake for experiment at 6.0 MPa was 1.4 times higher than that 
of the experiment at 5.5 MPa and 3.4 times higher than that of the experiment 
at 4.5 MPa. The increase in experimental pressure results in a higher driving 
force for hydrate formation. Driving force (∆P) is generally defined as the 
difference between the experimental pressure and the equilibrium pressure at a 
given temperature. 
 
Figure 3-8: Comparison of rate of hydrate formation at different pressure and 
274.15K in silica sand bed. Time zero corresponds to the induction time of 
the experiments. 
The average rate of hydrate growth for all experiments conducted at 
different experimental pressures and 274.15 K in silica sand bed is shown in 





first 2 h after nucleation. The initial rate of hydrate formation for experiments 
at 6.0 MPa was higher and hence resulted in higher gas consumption than that 
of experiments conducted at 5.5 MPa and 4.5 MPa respectively. 
 
Figure 3-9: Effect of driving force on the gas uptake curve in silica gel bed. 
Time zero corresponds to the induction time for the experiment. 
The effect of experimental pressure or driving force (∆P) on the gas 
uptake at three different pressures at 274.15 K in silica gel bed for the first 4 h 
after nucleation is shown in Figure 3-9. It can be clearly seen from the figure 
that the gas consumption increases as the driving force increases. The gas 
consumption after 4 h of hydrate growth for 6.0 MPa experiment was 124.4% 
higher than the experiment conducted at 5.5 MPa and 127.5% higher than the 
experiment conducted at 4.5 MPa. For 40/60 (mol%) CO2/H2 fuel gas mixture, 
the effect of driving force on gas consumption was insignificant. Overall, the 
water conversion to hydrates for the silica gel experiments was lower than that 
of the silica sand experiments at any given driving force. In silica gel, internal 
pore space is the dominant contributor to bed porosity and hence water 





the gas-liquid-solid (pore wall) interface and hence the pores are blocked which 
prevents further gas diffusion into the pores for hydrate formation irrespective 
of the pressure in the system. Recently, Yang et al.[105] reported that hydrate 
blockage appeared frequently and restricted the contact of gas and solution in 
the silica gels. 
 
Figure 3-10: Comparison of rate of hydrate formation at different pressure 
and 274.15 K in silica gel bed. Time zero corresponds to the induction time 
for the experiment. 
Figure 3-10 shows the average rate of hydrate growth for all 
experiments conducted at different pressures and 274.15 K in silica gel bed. It 
can be seen from the figure that the rate of hydrate formation follows the order 
of 6.0>5.5>4.5 MPa for the first 1.5 h, later the rate is almost same for all three 
different pressures. Figure 3-11 shows the comparison of the average rate of 
hydrate formation between the experiments conducted for silica sand and silica 
gel for the three different experimental pressures. As can be seen for all the 






Figure 3-11: Comparison of the average rate of hydrate formation between 
silica sand and silica gel at the three different experimental pressures, 6.0 





experiments conducted with sand compared to the experiments conducted with 
silica gel. Thus, based on our results we believe that interstitial pore space 
(inter-particle space) between the particles plays an important role in hydrate 
formation than internal pore spaces (intra-particle space). 100% saturated silica 
gel used in this work has all the water in the pores, and it is expected that the 
inter-particle space is still available for the gas to transport through the packing 
and come in contact with the water filled pores. Theoretically, silica gel should 
perform better however; it is observed that most of the water present in the 
small pores of the silica gel particle never participates in hydrate formation. We 
believe that the initial hydrate formation plugs the pores of silica gel, providing 
significant mass transfer resistance for further gas to water contact, and hence 
resulting in low conversion of water to hydrate (Table 3-2 & Figure 3-9) and 
low formation rates (Figure 3-11).  
3.3.2.3 Effect of water saturation in silica sand 
 
Figure 3-12: Effect of water saturation on the gas uptake curve in silica sand 





Our results indicate that inter particle space plays the dominant role in 
enhancing the kinetics of hydrate formation, hence different water saturation 
experiments were carried out for silica sand. Experiments at two different water 
saturations (50 and 75%) were performed at 6.0 MPa and 274.15 K in silica 
sand bed to study the effect of water saturation and to compare with the 
performance obtained with 100% water saturation. The summary of the 
experimental conditions along with induction time, moles of gas consumed per 
mole of water at the end of the experiment were shown in Table 3-2. Effect of 
water saturation in silica sand bed on the gas uptake at three different water 
saturation is shown in Figure 3-12. The gas consumption for 50% water 
saturation experiment was significantly higher (2.3 times) than the experiment 
conducted at 100% water saturation and 2.3 times higher than the experiment 
conducted at 75% water saturation. This is a remarkable increase in terms of 
gas consumption and water conversion to hydrate. As can also be seen in the 
figure, nearly 65% of conversion is achieved for the 50% water saturation 
experiment compared to conversions of 27.5% and 28% for experiments 
conducted at 75% and 100% water saturation. For 100 % saturation, water 
occupies the inter-particle space between the silica sand and hence gas 
molecules have to diffuse into the water for hydrate formation for nucleation 
and for subsequent hydrate growth. Whereas in partially water saturated silica 
sand bed, the gas molecules are readily available in the inter-particle spaces for 
hydrate nucleation due to the partial occupation of water between the inter-
particle pore spaces. In addition, the surface contact area between the liquid 
and gas phase increases as the water saturation is reduced, resulting in higher 





water saturation experiments. 75% water saturation experiments did not have a 
significant impact on the rate of hydrate formation and the gas uptake compared 
to the 50% water saturated bed suggesting that we can tune the water saturation 
in order to maximize the rate of hydrate formation and the gas uptake.  
















CO2 / H2 / 
propane/water/ 
Silica sand 
S3 5.5 10 0.1372 63 
S4 5.5 23 0.2076 82.9 
S5 4.5 10 0.0614 68.1 
S6 4.5 23 0.0846 94.6 
S7 6 23 0.1783 85.4 
S9 6 23 0.2501 89.2 
S10 6 23 0.2539 93.1 
 
 
CO2 / H2 / 
propane/water/ 
Silica gel 
G3 5.5 23 0.1016 96.8 
G5 5.5 23 0.0662 98.9 
G6 4.5 10 0.0327 82.3 
G7 4.5 23 0.0634 94.8 
3.3.2.4 Decomposition of hydrates 
Table 3-3 summarizes the hydrate decomposition experimental 
conditions along the amount of gas recovered from the dissociation of hydrates. 
From the table it can be noted that more gas is recovered when the system is 
heated from 274.15 K to 297 K than when the system is heated from 274.15 K 
to 284 K. The gas release due to thermal expansion is accounted by conducting 
a control experiment as explained by Daraboina et al.[137]. From the gas 





in the formation experiments were not dissociated completely when the system 
is heated from 274.15 K to 284 K. The reason for this is the fact that hydrate 
phase formed with the gas mixture used in this study gets significantly enriched 
with CO2 [24, 97, 98]. Kumar et al.[97, 98] reported that a 38.2/59.2/2.6 (mol%) 
CO2/H2/C3H8 gas mixture forms structure II and that carbon dioxide occupies 
both the small and large cages. Due to this enrichment of CO2 in the hydrate 
phase, the equilibrium pressure of the hydrate sample would be lower than that 
of the feed gas used in the study. Kumar et al.[24] reported a hydrate 
composition of 80/18.8/1.2 (mol%) CO2/H2/C3H8 composition for a feed gas 
mixture having a composition of 38.1/59.4/2.5 (mol%) CO2/H2/C3H8. Recently, 
Babu et al.[148] reported that the equilibrium pressure for 80/18.8/1.2 (mol%) 
CO2/H2/C3H8 gas mixture at 283 K is about 5.0 MPa. This suggests that the 
hydrate crystals have not dissociated completely when a thermal stimulation of 
∆T of 10 K was supplied. Whereas when the system is heated from 274.15 K 
to 297 K gas recovery is higher and close to complete recovery. It is not possible 
to get a 100% gas recovery as there will be dissolved gas present in the liquid 
phase at the dissociated experimental pressures.  
The temperature profiles of the water bath, gas phase of the crystallizer 
and the thermocouple in the sand bed during the dissociation process are 
presented in in Figure 3-13. As can be seen, the temperature of the 
thermocouple inside the sand bed (T1) deviates from the gas phase due to 
dissociation of hydrates (as heat is consumed due to the endothermic nature of 
the hydrate dissociation) and gradually reaches that of the water bath and gas 
phase temperatures. Based on the thermal stimulation approach, a ∆T of 23 K 





waste heat or low heat streams can be effectively employed to completely 
dissociate the hydrated gas. It is also expected that if we supply more heat, then 
the dissociation process will complete earlier. 
 
Figure 3-13: Temperature profile for decomposition in silica sand bed at 







Figure 3-14: Comparison of normalized gas consumption as a function of 
experimental pressure. The gas consumption data given in the figure is for 
experimental time of 120 in (Linga et al.[9]) and 240 min (this work). Linga 
et al.[9] reported the completion of the formation experiment in the specified 
time. 
Figure 3-14 shows the normalized gas consumption (mol of gas/mol of 
water) for hydrate formation at different experimental pressures in this work 
and is compared to the data available in the literature [9]. As seen in the figure, 
the gas consumption for hydrate formation is enhanced when a fixed bed 
column with silica sand is employed than employing silica gel as a medium. It 
is also noted that the gas consumption in this study is considerably higher than 
that consumed for hydrate formation from a fuel gas mixture highlighting that 





decreasing the operating pressure of 9.0 MPa to 6.0 MPa. In addition, if we 
decrease or reduce the water saturation in the silica sand bed to 50%, the gas 
consumption is enhanced significantly and can speed up the hydrate formation 
to a great extent (see figure 3-14). The gas consumption for the 75% water 
saturated bed is slightly less at 4 h of hydrate formation (see figure 3-14) 
compared to 100% water saturated silica sand bed, but the final gas 
consumption and water to hydrate conversions are more or less same for both 
the cases (see Table 3-2). 
 
Figure 3-15: Comparison of gas uptake for hydrate formation in stirred tank 
reactor and fixed bed reactor. Time Zero corresponds to the induction time for 
the experiment. The literature data showed is for experiment conducted at 4.8 
MPa and 273.7 K (driving force of 2.7 MPa) (Kumar et al.[24]) and the data 
from this study is at 5.5 MPa and 274.15 K (driving force of 3.2 MPa). 
Several studies have been carried out to capture CO2 from the fuel gas 
mixture coming out of integrated gasification combined cycle (IGCC) using 
hydrate based gas separation (HBGS) process. Figure 3-15 compares the gas 
uptake measurement curves obtained between a stirred tank reactor and the 





The propane composition for both studies is 2.5 mol%. As it can be seen in the 
figure, the gas uptake is slightly higher for a fixed bed column employing silica 
gel compared to a stirred tank reactor. In the case of silica sand as a medium, 
the gas uptake and the rate of hydrate formation is significantly higher. The 
presence of sand as a medium outperforms silica gel as a medium for the HBGS 
process at a given driving force. This was also observed for the other driving 
force experiments, but is not presented here.  
Thermodynamic additives like propane, tetrahydrofuran, tetra butyl 
ammonium bromide have been used to lower the operating pressure of the 
system. Several gas-liquid contact modes were employed and their effect on 
hydrate formation has been investigated. Figure 3-16 shows the normalized gas 
consumption (mol of gas/mol of water) for hydrate formation at different 
driving force in this work and is compared to the data available in the literature 
that was obtained with different additives and different gas-liquid contact 
modes [15, 24, 102, 107, 125]. The driving force is taken as the x-axis instead 
of experimental pressure, since driving force (∆P) is a better and realistic way 
of comparing the literature data because different additives are used and the 
experimental pressures vary depending on the type of additive used. Similarly, 
the gas consumption data is normalized to the amount of water taken in order 
to make a fair comparison as different studies had different amounts of water 
taken for the formation experiments and the conversion of water to hydrates 
was not complete and lower than 100% conversion. As seen in Figure 3-16, the 
gas uptake is higher for systems with 2.5 mol% propane compared to the other 
additives. It is also possible to increase the gas uptake significantly by tuning 






Figure 3-16: Comparison of normalized gas consumption as a function of 
driving force. The gas consumption data given in the figure is for 
experimental time of 40 min [Li et al.[107]], 90 min [Li et al.[123]], 120 min 
[Kumar et al.[24] and Lee at al.[102]], and 240 min Kim et al.[125], this 
work]. It is noted that Li et al.[107, 123] reported the completion of the 
formation experiment in the specified time. 
We believe that the enhancement of hydrate formation in silica sand bed 
is due to the fact that the porous media provides tortuous pathways for the 
diffusion of gas and capillary movement of the water for hydrate formation 
[100, 135, 139]. For experiments with less than 100% water saturation, the 
interfacial contact surface area between the gas and liquid phase is increased 
and results in significantly enhanced hydrate formation. Our study illustrates 





hydrate formation compared to the being dispersed inside the pores of the 
particles (as is the case with silica gel). In addition, sand is readily available 
and cheaper than silica gel to be employed for a large scale application like 
carbon dioxide capture. Fixed bed approach presents a realistic opportunity to 
scale up the HBGS process. 
3.4 Conclusions 
Hydrate phase equilibrium for fuel gas mixture in presence of 2.5 mol% 
propane was determined and it was found that addition of 2.5 mol% propane 
shifts the equilibrium pressure significantly. Enhanced kinetics of hydrate 
formation from fuel gas mixture in presence of 2.5 mol% propane in fixed bed 
column with the silica sand bed was achieved. By tuning the water saturation 
in silica sand, further enhanced gas uptake of 0.064 mol of gas/mol of water 
and water to hydrate conversions of up to 64.3% was achieved in 4 h of hydrate 
formation for 50% water saturated silica sand bed. The reason for this enhanced 





4 Mechanism of hydrate formation in silica sand bed4 
4.1 Introduction  
 In a fixed bed column with silica sand bed, 38% water conversion to 
hydrate in the presence of 2.5 mol% propane in the fuel gas mixture was 
achieved in Chapter 2. Addition of 2.5 mol% propane not only reduces the 
operating pressure of 9.0 MPa to 6.0 MPa, but also significantly enhances the 
kinetics of hydrate formation. Figure 4-1 shows enhanced gas uptake for 
hydrate formation in presence of propane as a promoter in silica sand bed. The 
presence of 2.5 mol% propane allows the fuel gas mixture to form structure sII 
instead of sI. However, the significant increase in gas uptake and water 
conversion to hydrate cannot be attributed to the structure change alone as the 
gas uptake measurements were at comparable driving force of 3.4 and 3.7 MPa 
for the fuel gas mixture without and with propane as a promoter. At the 
molecular level, it has been shown that in presence of propane, the resulting sII 
hydrate contains an almost similar amount of CO2 as in sI CO2/H2 hydrate [24, 
97]. While kinetic data presents evidence of significantly enhanced rate if 
propane is present as a promoter in water dispersed in silica sand, the reason 
for this peculiar behavior is not yet known.  
In this chapter, the behavior of propane as a promoter in the hydrate 
formation in silica sand is elucidated. Based on the morphological observation, 
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kinetic experiments were carried out to investigate the effect of silica sand bed 
height.  
 
Figure 4-1: Conversion of water to hydrates during hydrate growth for a fuel 
gas mixture with or without 2.5% propane at 274.2 K and at comparable 
driving force of 3.4 and 3.7 MPa respectively. The average data (lines) along 
with standard deviation (shaded region) are presented. 
4.2 Experimental  
The gas mixtures employed in this study were supplied by Soxal Private 
Limited. Silica sand was supplied by Sigma-Aldrich. Deionized and distilled 
water was used in all experiments.  
4.2.1 Morphology experiments 
Morphology experiments were conducted by employing a morphology 
apparatus described in detail in Chapter 3. All experiments were conducted in 
a batch manner. 18.43 g of silica sand was placed inside the crystallizer. 4.0 ml 





particles to achieve 100% water saturation. The crystallizer was closed and the 
thermocouple was connected. The crystallizer was placed inside the water bath 
and then cooled to 274.2 K (experimental temperature). The crystallizer was 
flushed three times with the gas mixture and then pressurized to experimental 
pressure. Microscopic images are recorded for every 20 s and the hydrate 
crystal growth is observed using the microscope.  
4.2.2 Kinetic Experiments 
4.2.2.1 Fixed bed Reactor 
The detailed description of the fixed bed apparatus and experimental 
procedure (both silica sand and silica gel bed) is given in Chapter 2. Briefly, 
645.16 g of silica sand was placed inside the crystallizer for bed height of 5 cm. 
140 ml of water was then dispersed into the interstitial pore space of the silica 
sand particles. All the experiments were conducted with 100% water saturation 
in silica sand. The crystallizer was closed and the thermocouples were 
connected. The crystallizer was placed inside the water bath and then cooled to 
experimental temperature. The crystallizer was flushed three times with the gas 
mixture and then pressurized to experimental pressure. The data was recorded 
for every 20 s. Time zero corresponds to the time at which the pressure and 
temperature of the crystallizer reaches the experimental conditions. The 
crystallizer pressure drops as a result of gas dissolution and hydrate formation. 
When no significant pressure drop was observed, the experiment was 
terminated. The crystallizer was depressurized to atmospheric pressure and the 
system was heated to room temperature for decomposing of the hydrate 





repeated. Memory water refers to the water that has undergone hydrate 
formation.  
 The procedure for formation experiments were the same for silica sand 
bed heights of 1.5 and 3.5 cm except the amount of silica sand and water taken. 
For 1.5 cm bed height, 184. 33 g of silica sand and 40 ml of water was taken. 
For 3.5 cm bed height, 96.8 ml of water was dispersed in 445.93 g of silica 
sand. 
4.2.2.2 Stirred Tank Reactor 
A schematic of the stirred tank reactor is shown in Figure 4-2. The setup 
consists of a crystallizer with a pair of circular sapphire glass viewing windows 
at the side of the reactor to observe the hydrate formation process. The in-built 
cooling arrangement in the crystallizer is connected to an external refrigerator 
to create a temperature-controlled environment. A thermocouple with 
uncertainty of 0.1 K is located at the fixed head of the crystallizer to measure 
the temperature of the liquid phase in the crystallizer. Pressure transmitter and 
pressure gauge are employed to measure the pressure of the crystallizer. A 
mechanical stirrer connected to a controller is also employed to control the 
stirring speed (rpm). The temperature and pressure data are recorded using a 
data acquisition system coupled with a computer. Hydrate formation 
experiments are carried out in a batch manner (constant volume) at constant 
temperature. 
204 ml of water was taken in the crystallizer. The crystallizer was 
purged three times with the gas mixture to remove the air present in the system. 





was started when the pressure and temperature of the crystallizer stabilizes. 
This time corresponds to time zero for the formation experiment. Pressure of 
the crystallizer drops due to dissolution of gas into water and also due to hydrate 
formation. The formation experiment was stopped when the pressure no 
significant pressure drop was observed. The crystallizer was depressurized to 
atmospheric pressure and the system was heated to room temperature for 
decomposing of the hydrate crystals. After 2 h of standby time, the formation 
experiment for cycle 2 was repeated. Memory water refers to the water that has 
undergone hydrate formation.  
 





The procedure to calculate gas uptake, water conversion and 
normalized rate (NR30) of hydrate formation are given below.   
Calculation of Normalized gas uptake 
Normalized gas uptake (NGt) at any given time t can be calculated using 
the following equation 
t 0 t
t
P PV - VΔn zRT zRTNG = =
w wn n
         
                         (4-1) 
where Δnt is the moles of gas consumed at any time t. P, V, T are the crystallizer 
pressure, volume of gas phase and temperature of the liquid phase in the 
crystallizer. R is the ideal gas constant, Z is the compressibility calculated by 
Pitzer’s correlation and nw is the number of moles of water employed in the 
experiment. 
Calculation of Water conversion to hydrate 
Conversion of water to hydrate is determined by using the following equation 
 
2






     (4-2) 
where  , tHn  is the number of moles of gas consumed for hydrate formation 
at the end of the experiment. 
Calculation of the normalized rate of hydrate formation (NR30) 
The normalized rate of hydrate formation can be calculated by using the 
following equation 
 30 1 3
30
W
NR = (moleof gas.min .m )
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where, R30 is the rate (mol of gas/min) of hydrate growth calculated by fitting 
the gas uptake data for the first 30 min of hydrate growth with time and Vw is 
the volume of water taken for the experiment in m3. 
4.3 Results and Discussion  
 
Figure 4-3: Sequential images of hydrate formation and growth in silica sand 
bed at 6.0 MPa and 274.2 K. Time zero corresponds to the nucleation of 
hydrate crystal. 
 Morphology experiments were conducted for CO2/H2/C3H8 





6.0 MPa respectively. The chosen experimental conditions were similar to the 
one presented in Chapter 3 since the focus is on understanding the enhanced 
kinetics with propane as a promoter. The hydrate equilibrium pressure of the 
gas mixture employed in this study at 274.2 K is 2.3 MPa [148]. 
 Figure 4-3 shows the formation and growth of hydrate crystals in the 
crystallizer at 6.0 MPa and 274.2 K. The time zero image (Figure 4-3a) shows 
a clear gas phase and water dispersed in the interstitial pore space between the 
silica sand particles. Hydrate crystals nucleated at about 1.0 min from the start 
of the experiment shown in Figure 4-3b. Hydrate nucleation occurred in the 
interstitial pore space between the silica sand particles. Nucleation was 
followed by hydrate crystal growth in the upward direction towards the gas 
phase. Figure 4-3c shows the hydrate growth above the silica sand bed. Water 
dispersed in the interstitial pores space between the silica sand particles was 
drawn to the gas phase for hydrate growth. As the time progresses, more water 
was drawn from the silica sand bed and the hydrate front grows thicker and 
bigger. The transport of water toward the hydrate growth front can be seen 
evidently (figure 4-3d-g) from the change of the color of the silica sand 
particles. At the end of the experiment, we could see a thick hydrate mass above 
the silica sand bed. It has to be noted that the hydrate crystal growth was not 
only on the walls of the crystallizer. Figure 4-4 shows the sequential images of 
the hydrate formation and growth in silica sand bed at 5.5 MPa and 274.2 K. 
Hydrate crystals and its growth above the silica sand bed at the center of the 
crystallizer can clearly be seen. This ability to draw water above the silica sand 
bed for hydrate growth resulted in the enhanced kinetics of hydrate formation 






Figure 4-4: Sequential images of hydrate formation and growth in silica sand 
bed at 5.5 MPa and 274.2 K from CO2/H2/C3H8 gas mixture. Time zero 
corresponds to start of the experiment. 
After dissociation of formed hydrates, the water drawn for hydrate 
formation towards gas phase is redistributed back into the interstitial pore space 





sand, hydrate formation from the memory water would result in lower gas 
uptake similar to that of stirred tank reactor. Another morphology images from 
an experiment conducted at 6.0 MPa and 274.2 K with memory water is 
presented in Figure 4-5. 
 
Figure 4-5: Sequential images of hydrate formation and growth in silica sand 
bed at 6.0 MPa and 274.2 K. Time zero corresponds to the nucleation of 
hydrate crystal. 
Based on the morphology experiments, it was evident that water is 





This is possible due the fact that in silica sand, water is dispersed between the 
interstitial pore spaces of the sand particles. Given this behavior, the height of 
the silica sand bed will play an important role and the depth until which such 
migration of water due to capillary movement can happen from the bed to the 
hydrate growth front in the gas phase needs to be understood. In order to 
evaluate the effect of silica sand bed height, kinetic experiments were carried 
out at 6.0 MPa and 274.2 K with three different silica sand bed heights of 1.5, 
3.5 and 5.0 cm that were fully saturated with water.  
Table 4-1: Summary of experimental conditions and results for fuel gas 
mixture with 2.5% propane. All experiments were conducted at 274.2 K and a 








State b IT 
(min)
Gas consumed 
after 3 h from 
IT (mol/mol of 
H2O) 
Water 










C1 59.0 0.0706  
2 C2 1.3 0.0698 73.60 
3  C1 263.0 0.0772 [±3.61] 
4  C2 1.0 0.0745  
5 
3.5 
C1 2.0 0.0300  
6 C2 3.3 0.0248 29.02 
7 C1 2.0 0.0308 [±2.77] 
8 C2 3.0 0.0299  
9 
5.0 
C1 250.3 0.0203  
10 C2 0.7 0.0150 19.42 
11   C1 13.67 0.0193 [±3.54] 
12   C2 0.33 0.0236  
a Hydration number of 10.05 [97] for CO2/H2/C3H8  was used for calculation. 
 
b C1: Cycle 1; C2: Cycle 2 
Summary of the experimental conditions and results like induction 





hydrate and normalized rate of hydrate formation are given in Table 4-1. 
Hydrate nucleation is stochastic in nature and it depends on many factors like 
experimental conditions, reactor configuration, solution state, gas saturation in 
the solution, etc. Due to the stochastic nature of induction time, although the 
experimental condition and reactor configuration in this study were same, 
different induction time was observed for different silica sand bed height as can 
be seen in Table 4-1. 
 
Figure 4-6: Effect of Silica sand bed height on hydrate growth and water 
conversion to hydrate from CO2/H2/C3H8 gas mixture at 6.0 MPa and 274.2 
K. The average data (lines) along with standard deviation (shaded region) are 
presented. The number parenthesis indicates the number of experiments. 
 Effect of bed height on the hydrate growth and water conversion to 
hydrate at 6.0 MPa and 274.2 K in presence of 2.5 mol% propane is shown in 
Figure 4-6. Time zero corresponds to the hydrate nucleation time (induction 
time). The average gas uptake for hydrate growth and average water conversion 
to hydrate after nucleation along with standard deviation are presented in the 





average gas uptake was 2.53 and 3.74 times higher than that of experiments 
conducted with 3.5 and 5.0 cm silica sand bed height. Water conversion of up 
to 73.60 (±3.61), 29.02 (±2.77) and 19.42 (±3.54) % was achieved in 3 h after 
hydrate nucleation. As can be seen from the figure, the water conversion to 
hydrate decreases as the bed height increases. This clearly shows that the depth 
until which water is able to move up to the hydrate growth front in the gas phase 
is important. We did not choose to perform experiments for a bed height less 
than 1.5 cm due to the fact that the bed may require less than 40 ml of water 
making the bed very small. We also chose not to perform experiments with bed 
height greater than 5 cm as can be seen in Figure 4-6, it is expected that with a 
higher bed height, the gas uptake will be less.  
Effect of silica sand bed height on the average normalized rate of 
hydrate formation is shown in Figure 4-7. As can be seen from the figure 
increase in bed height resulted in a decrease in normalized rate of hydrate 
formation. For experiments conducted with 1.5 cm bed height resulted in an 
average normalized rate of 75.00 mol.min-1.m-3 and it was 3.18 and 3.86 times 
higher than the experiments conducted with a bed height of 3.5 and 5 cm 
respectively. The reason for higher normalized gas uptake and water 
conversion for smaller bed height could be that since water is drawn towards 
the gas phase to the hydrate growth front, resulting in drastic hydrate formation 
on top of the bed. For the case of 3.5 and 5.0 cm bed heights, since the depth 
of the bed is higher, water at lower depths is not able to participate in the 
hydrate formation which could be due to the drastic hydrate formation above 
the bed which limits further capillary movement of water present deeper in the 





the hydrate mass (See Figure 4-4) to reach the depths where the unreacted water 
is present seems to be limited by mass transfer resistance.  
 
Figure 4-7: Effect of Silica sand bed height on normalized rate of hydrate 
formation NR30 from CO2/H2/C3H8 gas mixture at 6.0 MPa and 274.2 K.  
 In our experiments, we observed hydrate growth in the gas phase where 
water was drawn outside the silica sand bed for hydrate growth for the fuel gas 
mixture with 2.5 mol% propane as a co-guest. We believe that the ability of the 
gas mixture to draw the dispersed water above the silica sand for hydrate 
growth is only due to the presence of propane as a co-guest. We performed an 
experiment with CO2/H2 (40/60 mol%) system without propane in the same 
morphology reactor at driving force of 2.9 MPa (experimental conditions 8.5 
MPa and 274.2 K). The sequential images of the reactor contents are presented 






Figure 4-8: Sequential images of hydrate formation and growth in silica sand 
bed at 8.5 MPa and 274.2 K from CO2/H2 gas mixture. Time zero corresponds 
to start of the experiment.  
At the start of the experiment, a clear gas phase and water dispersed in 
silica sand was observed in the crystallizer. A small temperature spike at about 
33 minutes indicates the hydrate nucleation and start of hydrate growth. It is 
noted that the thermocouple for the morphology experiments was located in the 
gas phase and hence a small heat increase is picked up by the thermocouple. 
The change of color of the silica sand layer at the gas-sand interface indicates 
the nucleation at the gas-sand interface. Hydrates were observed at the sand-
gas interface as indicated in Figure 4-8. We did not observe hydrate growth 
front towards the gas phase. But the gas uptake measurement curve shows the 
gas uptake for hydrate growth. A gas uptake of 0.0201 mol of gas/mol of water 
was achieved after three hours of hydrate growth. It is noted that we never 





mol%) system without propane. We performed five morphology experiments 
(2 experiments at 8.5 MPa and 3 experiments at 9.0 MPa) and our 
morphological observations were consistent for the other four experiments as 
well. The average gas uptake for the morphology experiments were 0.0193 
(±0.001) and 0.0261 (±0.012) mol/mol of water after three hours of hydrate 
growth for experiments at 274.2 K and 8.5 and 9.0 MPa respectively. 
Based on the morphology study (Figures 4-3, 4-4 and 4-8) and the 
kinetic data (presented in Table 4-1 and Figures 4-6 and 4-7), significantly 
higher rate of hydrate formation can be attributed to the presence of propane as 
a co-guest which is able to draw water that is dispersed in the interstitial pore 
spaces between the silica sand particles towards to the gas phase for hydrate 
formation. 
Table 4-2: Summary of results for the CO2/H2/C3H8 (38.1/59.4/2.5 mol%) 
gas mixture in silica gel and stirred vessel for experiments conducted at 6.0 





















Silica gel 1.5 
C1 210.67 0.0103 11.33 
14 C2 0.33 0.0123 [±1.41]  
15 
STR NA 
C1 0.67 0.0150 14.69 
16 C2 0.67 0.0146 [±0.38]  
17 C1 1.00 0.0143  
a Hydration number of 10.05 was used for calculation [97]. 
NA: Not applicable 
In order to understand if this behavior of propane as a co-guest can be 
observed in other contact modes, we performed experiments at the same 





dispersed inside the pore of the gels) and a traditional stirred tank reactor (bulk 
gas liquid contact mode). A silica gel of 100 nm pore diameter and 0.83 ml/g 
pore volume supplied by Silicylce was chosen as it was reported to be the best 
in the literature [15, 99]. Figure 4-9 compares the hydrate growth curves for 
experiments conducted between sand, silica gel and stirred tank reactor. It is 
interesting to note that in a stirred tank reactor and in silica gel such a behavior 
of propane as a co-guest is not observed. The experimental data like the 
induction time, and experimental conditions are reported in Table 4-2. In the 
case of silica gel, the water is confined inside the pore of the gels, whereas in 
the case of silica sand, the water is dispersed in the interstitial space between 
the sand particles thus facilitating the migration and capillary movement of 
water in sand. Where as in the case of stirred tank reactor crystal agglomeration 
at the gas/liquid interface limits the hydrate growth rate after initial period of 
hydrate growth. 
Apart from the silica sand bed height, the particle size of the silica sand 
(as it affects the porosity), driving force and composition of propane as a co-
guest in the gas mixture may also affect the extent of water migration from the 






Figure 4-9: Comparison of hydrate growth and water conversion (a) and 
normalized rate NR30 (b) between silica sand, silica gel and stirred tank 
reactor at comparable experimental conditions The number in the parenthesis 
in (a) refers to the number of experiment. 
4.4 Conclusion 
 The mechanism or reason for the enhanced kinetics of hydrate 
formation from the fuel gas mixture in the presence of 2.5 mol% propane in 





in the silica sand bed to the hydrate formation zone and migration of water to 
the gas phase resulted in enhanced hydrate formation. Investigation of  hydrate 
formation from the fuel gas mixture in silica sand bed revealed the hydrate 
formation in the interstitial pore space between silica sand particles. The effect 
of silica sand bed height on the migration of water to sustain hydrate growth 
was investigated. Silica sand bed height of 1.5 cm was found to be optimum 
for achieving faster kinetics of hydrate formation from fuel gas mixture in 





5 Enhanced kinetics of hydrate formation in a FBR in 
the presence of liquid promoters5 
5.1 Introduction 
A Fixed bed reactor with silica sand and silica gel was employed for 
hydrate formation from fuel gas mixture and better kinetics in silica sand than 
in silica gel was reported in Chapter 2. In order to achieve better kinetics, 
operating pressure of 9.0 MPa was required which would require compression 
of the fuel gas mixture before hydrate formation. In order to reduce the 
operating pressure, 2.5 mol% propane (gas phase promoter) was used as the 
promoter and the impact of addition of 2.5 mol% propane on the kinetics of 
hydrate formation from fuel gas mixture in a fixed bed reactor was investigated 
in Chapter 3. Silica sand was found to be effective porous media than silica gel.  
Although addition of propane enhances the kinetics, the process operates at 
lower temperature (274.2 K). Propane needs to be added again for hydrate 
formation since propane cannot be regenerated completely from the first 
hydrate formation stage which might increase the process economics. For 
complete regeneration of the promoter, liquid phase promoters need to be 
employed. 
Tetrahydrofuran (THF) and tetra-n-butyl ammonium bromide (TBAB) 
were reported to be best liquid phase promoter in the literature. Addition of 
tetrahydrofuran (THF) shifts the hydrate phase equilibrium of fuel gas mixture 
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to lower pressure and higher temperature [82, 102]. Lee et al.[102] performed 
kinetic studies in a stirred tank reactor with 0.5, 1.0 and 3.0 mol% THF solution 
and reported 1.0 mol% THF solution to be optimum concentration. Park et 
al.[82] reported the phase equilibrium of fuel gas mixture in presence of various 
concentrations of THF. Their kinetic study reported enhanced kinetics with 
5.56 mol% THF compared to that of 1.0 mol% THF in a stirred tank reactor. 
Tetra-n-butyl ammonium bromide (TBAB) which forms a semi-
clathrate hydrates, also lowers the hydrate phase equilibrium of fuel gas 
mixture [81, 123, 125]. Kim et al.[125] employed 0.5, 1.0 and 3.0 mol% TBAB 
and concluded 1.0 mol% as optimum concentration at the experimental 
conditions employed in their study. Gholinezhad et al.[126] reported higher gas 
consumption, separation factor and split fraction when 0.61 mol% TBAB was 
employed compared to that of 0.29 mol% TBAB. Kinetic studies at various 
concentrations and experimental conditions were carried out by Li et al.[107] 
and they reported 0.29 mol% TBAB to be optimum concentration in a STR. 
Park et al.[81] evaluated the performance of TBAF and TBAB at various 
concentrations and reported that TBAB is better than TBAF in terms of gas 
uptake for hydrate formation in a STR. Based on their study, 3.7 mol% TBAB 
yielded better kinetics. Recently, Babu et al.[131] evaluated the effect of TBAB 
concentration on hydrate formation from fuel gas mixture at 6.0 MPa and 279.2 
K and reported that 0.3 mol% TBAB concentration resulted in higher gas 
uptake.  
The performance of THF and TBAB at various concentrations in silica 





The effect of driving force on hydrate formation, gas uptake, induction time 
and conversion of water to hydrates were investigated.  
5.2 Experimental 
5.2.1 Materials 
The gas mixture consisting of 40% CO2 and 60% H2 supplied by Soxal 
Private Ltd was employed in this study. Silica sand was supplied by Sigma 
Aldrich. THF and TBAB supplied by Fisher chemicals and Alfa Aesar were 
used. Distilled and deionized water was used. 
5.2.2 Apparatus and Procedure 
Detailed description of the experimental apparatus is given in Chapter 
2. Silica sand bed height of 1.5 cm was found to be optimum in chapter 4 hence 
the same bed height was used. All experiments are carried out in a batch 
manner. Hydrate formation procedure and calculation of normalized gas uptake 
and rate of hydrate formation is given in detail in chapter 4.  
5.2.2.1 Hydrate dissociation procedure 
The hydrate dissociation experiments were conducted at constant 
pressure of 3.2 MPa and ∆T of 20 K. For batch experiments, the final pressure 
after the hydrate formation will be different for different promoters. To 
compare decomposition profiles of hydrates formed using the two promoters, 
the starting pressure of decomposition for all the experiments was fixed to be 
3.2 MPa. This was decided considering the equilibrium pressure of the mixed 
hydrates at the respective experimental temperatures. Thus, by choosing 3.2 





mixed hydrates formed were stable. After formation experiments, the reactor 
pressure was decreased to 3.2 MPa. Following which, the reactor temperature 
was increased to decompose the mixed hydrates by employing an external 
heater to supply heat. ΔT of 20 K was provided to decompose the hydrates 
completely. The gas released due to the dissociation of hydrates were collected 
in the reservoir. Pressure and temperature of the reactor and reservoir were 
recorded continuously during decomposition for every 20s. 
Calculation of gas recovery curve 





                         (5-1) 
where ‘nt’ represents the number of moles of gas released at any given time and 
‘nend’ refers to the total number of moles of gas released at the end of the 
decomposition experiment. This normalization is important as each formation 
experiment has different gas consumption and accordingly, the gas released due 
to dissociation would be different [121]. 
5.3 Results and discussion 
5.3.1 THF experiments in silica sand 
The summary of experimental conditions and results like the induction 
time, gas consumed till induction time and the total gas consumed at the end of 
the experiment are presented in Table 5-1 for the THF experiments. THF 
experiments were conducted for two concentrations of 1.0 and 5.53 mol%. A 





thermocouples located at different positions in the silica sand bed for a 
formation experiment conducted at 279.2 K and 6.0 MPa for 5.53 mol% THF 
is illustrated in Figure 5-1.   
Table 5-1: Summary of experimental conditions and results for the 
















(4 h from IT) 
1 
1.0 274.2 
1.00 0.0010 0.0267 
2 1.00 0.0006 0.0378 
3 2.67 0.0030 0.0251 
4 3.33 0.0043 0.0333 
5 4.00 0.0044 0.0325 
6 3.00 0.0043 0.0355 
7 
1.0 279.2 
305.67 0.0099 0.0139 
8 DNN 0.0074 0.0074 
9 244.33 0.0080 0.0108 
10 DNN 0.0077 0.0077 
11 
5.53 279.2 
0.67 0.0010 0.0554 
12 0.67 0.0015 0.0583 
13 9.33 0.0042 0.0457 
14 0.67 0.0003 0.0480 
15 0.33 0.0025 0.0524 
*DNN – Did not nucleate for 900 min. 
Initially, the gas dissolution phase proceeds whereby the gas dissolves 
into the THF solution present in the interstitial space of the sand particles. 
Subsequently, the onset of nucleation followed by hydrate growth. The hydrate 
growth is observed with the continuous steep rise in gas uptake and a 
exothermic peak. The time taken to reach the nucleation point is denoted as 
induction time (IT) which in this case is around 0.16 h. The crystallizer is 
placed in a temperature controlled water bath which helps to maintain the 
temperature at 279.2 K. After a few hours, the hydrate formation rate decreases 





formation process had stopped. For the experiment shown in Figure 5-1 after 4 
h of the hydrate formation time, the gas consumption reached a value of 0.0457 
mol of gas/mol of water.  
 
Figure 5-1: Typical gas uptake measurement curve for 5.53 mol% THF 
solution at 6.0 MPa and 279.2 K (Experiment 13). 
 
Figure 5-2: Gas uptake profiles for all the six experiments conducted with 1.0 





The gas uptake profiles as a function of time were consistent for a 
particular concentration representing very good reproducibility as can be seen 
in Figure 5-2 where all the gas uptake profiles of the 1.0 mol% THF 
experiments were presented. Similarly, it is also noted that as seen in Table 5-
1, the experimental results like induction time and gas consumption at induction 
time and gas consumption after 4 h of hydrate growth were consistent for a 
particular THF concentration.  
 
Figure 5-3: Effect of temperature on the average hydrate growth for 1.0 
mol% THF concentration at 6.0 MPa (Time zero represents the induction time 
for each experiment). The number in the parenthesis in legend represents the 
number of experiments. Error bars are represented for selected data points. 
Figure 5-3 shows the effect of different experimental temperatures 
(274.2 K and 279.2 K) on hydrate growth in silica sand bed at 6.0 MPa for 
formation duration of 4 h for 1.0 mol% THF solution. As seen in Figure 5-3, 
the hydrate growth for the experiment performed at 274.2 K was at least 10 
times higher than that in the experiment performed at 279.2 K. In addition, from 





No. 1-6)  is 110 times shorter than experiment at 279.2 K (Exp No. 7-10). Such 
a vast disparity is attributed to the higher driving force experienced in the 
experiment conducted at 274.2 K.  
 
Figure 5-4: Comparison of the normalized rates for THF under different 
experimental conditions. The number in the parenthesis in legend represents 
the number of experiments. Error bars are represented for selected data points. 
Generally, subcooling as a driving force ( ∆ܶ ) is defined as the 
difference between the experimental temperature and the equilibrium 
temperature at a given pressure. From the previous equilibrium studies, the 
equilibrium temperature at 6.0 MPa is around 286 K [21]. Therefore, the 
respective driving forces for 274.2 K and 279.2 K are 11.85 K and 6.85 K, 
evaluated in the hydrate stability region from the hydrate dissociation curve 
with 1.0 mol% THF. With a higher driving force (∆ܶ), the total hydrate growth 
increases significantly within the same time span as observed in Table 5-1 
which shows the average gas consumption for the experiment at 274.2 K is 





the presence of higher initial rate of hydrate formation for experiment at 274.2 
K, leading to a larger quantity of gas consumption as compared to experiment 
at 279.2 K [28]. This can be observed in Figure 5-4 which illustrates a 
comparative study of the normalized rate of hydrate formation for these two 
concentrations. From Figure 5-4, the initial normalized rate for experiments 
conducted at 274.2 K is 14 times higher than that for experiment held at 279.2 
K. Therefore, such huge differences in formation rates can significantly result 
in a major difference in total hydrate growth and gas consumption. 1.0 mol% 
THF was reported to be the optimum concentration for hydrate formation from 
the fuel gas mixture [102]. It was reported that THF displays the concentration 
dependency on the kinetics of hydrate formation and believed that the hydrate 
formation rate will decrease with the addition of THF at higher concentrations 
due to the proximity of THF occupying the large cages readily and thus 
stabilizing the structure II (sII) hydrates and hence resulting in lower gas uptake 
for the guest gas due to mass transfer resistance [102]. 
Hydrate formation kinetics were evaluated between 1 mol% THF and 
5.53 mol% THF solutions. Figure 5-5 shows the effect of the different 
concentrations of THF solution on hydrate growth under the same driving force 
(5.9 MPa), with 1 mol% THF experiment conducted at 274.2 K and 5.53 mol% 
THF experiment conducted at 279.2 K. The result is surprisingly unexpected 
as for the formation duration of 4 h, the total hydrate growth for experiment 
using 5.53 mol% greatly surpassed the experiment using 1 mol% with a 1.8 








Figure 5-5: Effect of THF concentration on the average hydrate growth at 6.0 
MPa and same driving force (Time zero represents the induction time for each 
experiment). The number in the parenthesis in legend represents the number 
of experiments. Error bars are represented for selected data points. 
Hydrate stability increases with the increase in equilibrium dissociation 
temperature at any given pressure [21]. The addition of 5.53 mol% THF results 
a large shift of the equilibrium dissociation boundary to lower pressure and 
higher temperature [149]. Moreover, at 5.53 mol% THF concentration, the 
stabilization effect on hydrate formation is the highest [21]. Hence, the usage 
of 5.53 mol% THF possibly created a significant amount of stabilized sII 
hydrate at the initial nucleation phase, whereby THF molecules occupied the 
large cage of sII and presenting a large number of small cages for CO2 storage, 
resulting in a higher initial hydrate formation rate, increasing the total gas 
consumption and consequently higher hydrate growth. With reference to Figure 
5-4, the initial normalized rate at 5.53 mol% THF at 279.2 K was nearly 2 times 
than that at 1 mol% THF at 274.2 K. Coupled with the higher hydrate formation 





experiment (Exp No. 11-15) is 1.6 times higher than that of 1 mol% THF 
experiment (Exp No. 1-6) as can be seen in Table 5-1. However, though 5.53 
mol% THF experiment outperforms 1 mol% THF experiment in the above 
measures (gas uptake and normalized rate) of comparison, in terms of induction 
time, both experiments show similar average results as seen in Table 5-1.  
 
Figure 5-6: Average gas release profiles for the two different THF 
concentrations for dissociation experiments conducted at a constant pressure 
of 3.2 MPa and ∆T of 20 degrees. The number in the parenthesis in legend 
represents the number of experiments. Error bars are represented for selected 
data points. 
Figure 5-6 shows the normalized gas release curves calculated using 
equation 5-1 for 1.0 mol% and 5.53 mol% concentrations for dissociation 
experiments conducted at a constant pressure of 3.2 MPa and ∆T of 20 K. As 
seen in Figure 6, the general profiles of the dissociation for 1.0 mol% and 5.53 
mol% were similar while the 5.53 mol% experiments dissociating at a faster 





stream will be sufficient to completely dissociate the hydrates for recovering 
the hydrated gas.  
Table 5-2: Summary of experimental conditions and results for the 















(4 h from IT) 
16 
0.3 274.2 
11.67 0.0035 0.0244 
17 53.33 0.0035 0.0225 
18 128.33 0.0048 0.0218 
19 82.67 0.0116 0.0224 
20 327 0.0158 0.0257 
21 123.67 0.0134 0.0240 
22 
1 279.2 
219.67 0.0077 0.0111 
23 220.67 0.0079 0.0171 
24 94 0.0084 0.0151 
25 113.33 0.0099 0.0166 
26 
3 279.2 
0.67 0.0012 0.0130 
27 0.33 0.0019 0.0123 
28 44 0.0047 0.0129 
5.3.2 TBAB experiments in silica sand 
The summary of experimental conditions and results like the induction 
time, gas consumed till induction time and the gas consumed at the end of the 
experiment are presented in Table 5-2 for the TBAB experiments. The TBAB 
experiments were conducted for three concentrations of 0.3, 1.0 and 3.0 mol%. 
As it can be seen in Table 5-2, it can be observed that the average gas 
consumption at the end of the 0.3 mol% TBAB experiment (Exp No. 16-21) is 
the highest and at least 1.8 times higher than the other two concentrations. 
However, in the case for 3 mol% TBAB concentration (Exp No. 26-28), it 





TBAB as a promoter, there is no significant effect on the total gas consumption 
after 4 h of hydrate formation from induction time. On the other hand, with a 
higher TBAB concentration, there is a greater reduction in induction time. 
Table 5-2 shows that 3 mol% TBAB experiments have the shortest induction 
time of at least 8 times shorter than the average of the other two concentrations. 
 
Figure 5-7: Average hydrate growth profiles for the three different TBAB 
concentrations experimented. The time zero corresponds to the induction time 
of each experiment. The number in the parenthesis in legend represents the 
number of experiments. Error bars are represented for selected data points. 
Figure 5-7 shows the comparison of the average hydrate growth profile 
among 3 different TBAB concentrations. As observed in Figure 5-7, 3 mol% 
TBAB presented the highest hydrate growth as compared to 0.3 mol% TBAB 
for up to about 1.5 h of hydrate growth and thereafter the 0.3 mol% 
concentration hydrate growth overtakes the 3.0 mol%. One possible reason is 
that in the presence of higher TBAB content, it can produce relatively more 
nucleation sites as compared to that of 0.3 mol% TBAB, hence capturing more 





crucial to note that the hydrate growth for 3 mol% TBAB concentration is not 
sustainable, with its effect diminishing in and finally this resulted in the early 
stoppage of gas consumption in 2 h as seen in Figure 5-7. On the other hand, 
the hydrate growth was considerably lower for the 1.0 mol% TBAB 
concentration and reached a steady state that was quite lower than that of 0.3 
and 3.0 mol% concentrations. It is also noted that the variation (in terms of 
standard deviations) in the growth data was quite prominent between the TBAB 
concentrations (see Figure 5-7) compared to the THF hydrate growth data (see 
Figure 5-3 & Figure 5-5). 
 
 Figure 5-8: Average gas release profiles for the three different TBAB 
concentrations for dissociation experiments conducted at a constant pressure 
of 3.2 MPa and ∆T of 20 degrees. The number in the parenthesis in legend 
represents the number of experiments. Error bars are represented for selected 
data points. 
Figure 5-8 shows the normalized gas release curves calculated using 
equation 5-1 for 0.3, 1.0 and 3.0 mol% TBAB concentrations for the 





of 20 K. As can be seen, the general profiles of the dissociation for 1.0 mol% 
and 3.0 mol% were almost similar with a slightly higher rate of dissociation for 
the 1.0 mol% TBAB samples. On the other hand, the 0.3 mol% experiments 
dissociated at a much slower rate for the same heat rate. Similar to the 
dissociation of THF hydrate samples, a waste heat stream will be sufficient to 
dissociate the hydrates completely to recover the hydrated gas. 
5.3.3 Comparison between TBAB and THF  
Figure 5-9 illustrates the hydrate growth with respect to 3 mol% TBAB 
and 5.53 mol% THF at the end of 4 h of hydrate formation conducted at 279.2 
K and 6.0 MPa under the same driving force. Comparatively, the hydrate 
growth using 5.53 mol% THF clearly surpasses the hydrate growth of 3 mol% 
TBAB by a factor of 5 times. Moreover, it can be evident in Figure 5-9 that the 
hydrate growth stops after 2 h for TBAB whereas continuous hydrate growth 
is observed for THF. Figure 5-10 illustrates the gas uptake and normalized rate 
for both THF and TBAB. From Figure 5-10, the average gas consumption at 
the end of experiment for 5.53 mol% THF experiment was significantly higher 
(4 times) than 3 mol% TBAB experiment. The results observed is expected due 
to a larger amount of stabilized gas hydrates can be formed with a higher molar 
concentration of the promoter used.   
In terms of normalized rate, Figure 5-10 also reveals that the 5.53 mol% 
THF is higher than that of 3 mol% TBAB by a factor of 3.8. Figure 5-11 shows 
the average and standard deviation of induction time as a function of 
concentration for TBAB and THF systems. The induction time for 5.53 mol% 





experimental conditions (6.0 MPa, 279.2 K) and at near stoichiometric 
concentrations, THF achieves a much higher hydrate growth & rate and shorter 
induction time than TBAB. 
 
Figure 5-9: Comparison of average hydrate growth profiles between 3.0 
mol% TBAB and 5.53 mol% THF solutions at 6.0 MPa and 279.2 K. Time 
zero corresponds to the induction time. The number in the parenthesis in 
legend represents the number of experiments. Error bars are represented for 
selected data points. 
Judging from the same experimental conditions and molar 
concentration of the promoter used, 1 mol% TBAB results in a higher gas 
uptake and a normalized rate than 1 mol% THF at 1.2 times and 1.6 times 
respectively in Figure 5-10. This is attributed from the higher driving force 
experienced by TBAB at 5.8 MPa compared to THF at 4.4 MPa. However, 
when compared under the same driving force and equimolar concentration with 
1 mol% TBAB at 279.2 K, 1 mol% THF at 274.2 K resulted in a higher amount 
of gas uptake and normalized rate of 2.1 times and 8.9 times respectively as 





Figure 5-11 show that the average induction time for 1 mol% THF at 274.2 K 
is 64.8 times shorter than 1 mol% TBAB at 279.2 K.  
 
Figure 5-10: Comparison of the average gas uptakes and normalized rates 
with respect to each promoter for all the experiments conducted at 6.0 MPa 
and different experimental temperature. The number of experiments are listed 
in parenthesis. 
In Table 5-3, the gas consumption data between the two promoters 
tested in this study is presented in molar basis and weight basis with respect to 
the quantity of water (or solvent). The weight basis for gas uptake was 





occupies the hydrate cages preferentially and has been reported to be more than 
85% in the hydrate phase in literature [125, 143] for the promoters employed 
in this study. As can be seen in Table 5-3, on a molar basis for the same driving 
force and equimolar concentration between 1 mol% TBAB at 279.2 K and 1 
mol% THF at 274.2 K, the gas uptake observed is higher for the THF compared 
to the TBAB. THF as a promoter is about 2.1 times higher on a water free basis. 
At the near stoichiometric concentrations of the both promoters, THF as a 
promoter resulted in a 4.1 times higher gas uptake on a water free basis. Overall 
a highest gas uptake of 126.99 (±12.67) mg of gas/g of water was obtained for 
5.53 mol% THF concentration conducted at 279.2 K and 6.0 MPa. It is noted 
that recently, employing an stirred tank reactor (STR), Park et al.[110] reported 
a gas uptake of 0.021 mol of gas/mol of water at 8.0 MPa and a temperature 
driving force of 4 K for 5.6 mol% THF which translates to a gas uptake of 51.33 
mg of gas/g of water on a weight basis.  
Table 5-3: Summary of experimental conditions and gas consumption results 





Final Gas Consumption 
Molar basis Weight Basis* 
mol% wt% 
mol of gas/mol 
of water 
mg of gas/g of 
water 
THF 
1.00 3.9 274.2 0.0318 ± 0.0050 77.77 ± 12.15 
1.00 3.9 279.2 0.0123 ± 0.0022 30.14 ± 5.289 
5.53 19.0 279.2 0.0520 ± 0.0052 126.99 ± 12.67 
TBAB 
0.30 5.0 274.2 0.0234 ± 0.0015 57.28 ± 3.623 
1.00 15.4 279.2 0.0150 ± 0.0027 36.61 ± 6.618 








Figure 5-11: Average induction time versus TBAB and THF concentrations. 
 To demonstrate the performance of each promoter in a silica sand bed 
reactor, the experimental gas uptake achieved is compared with the theoretical 
possible gas uptake which can be calculated based on full occupancy of the 
cages whereby large cages are occupied by big molecules of promoter in sII 
(THF) and semi-clathrate hydrate (TBAB) and small cages are occupied by 
small guest gas molecules. An ideal unit cell of sII hydrate is composed of 16 
small cages and 8 large cages, THF will occupy the large cages while guest gas 
molecules used in this study can occupy the small cages. Based on the structure 
and the gas uptake, we can estimate the theoretical maximum normalized gas 
uptake (mol of gas/mol of water) that can be present in sII hydrate based on the 
occupancy ratio of gas/THF as 2 (16 gas/8 THF molecules). The following 
equation can be employed to estimate the theoretical normalized gas uptake, 
ΔnTheoretical Normalized Gas Uptake = 2THF
wn






where ∆nTHF is the number of moles of THF taken for a particular THF 
concentration solution. 
TBAB forms two types of semi-clathrate structure type A (hydration 
number of 26) and type B (hydration number of 38). An ideal unit cell of type 
A TBAB semi-clathrate consists of 10 small cages (10 dodecahedra) and 20 
large cages (16 tetrakaidecahedra and 4 pentakaidecahedra) [110]. Five tetra-
n-butyl ammonium cations occupies the 20 large cages while the 10 small cages 
are empty [110, 132]. An ideal unit cell of type B TBAB semi-clathrate hydrate 
consists of 8 large (4 pentakaidecahedra and 4 tetrakaidecahedra) and 6 small 
cages (six dodecahedra) [133]. The two tetra-n-butyl ammonium cations 
occupy the 8 large cages while small cages are empty. These small cages can 
be occupied by small molecules like CO2 and H2 [133, 150]. Based on the 
structure and moles of TBAB present in the system, we can estimate the 
theoretical maximum normalized gas uptake (mol of gas/ mol of water) that can 
be present in the semi-clathrate hydrate based on the occupancy ratio of 
gas/TBAB. The following equations reported by Babu et al.[131]  can be 
employed to estimate the theoretical normalized gas uptake for type A 
(equation 5-3) and type B (equation 5-4) semi-clathrate structures, 
ΔnTheoretical Normalized Gas Uptake (Type A) = 2 TBAB
wn

               (5-3) 
ΔnTheoretical Normalized Gas Uptake (Type B) = 3 TBAB
wn

                  (5-4) 






Figure 5-12 illustrates the comparison of average gas uptake achieved 
by each promoter with its theoretical gas uptake achievable for different 
concentrations of THF [15, 82, 102] and TBAB [81, 125, 131, 150].  For the 
experimental conditions of 274.2 K and 6.0 MPa for 1 mol% THF (Exp No. 1-
6), the normalized gas uptake observed is 157% of the theoretical value 
(calculated using equation 5-2 assuming the gas will occupy only the small 
cages of the sII hydrate). Since the experimental results exceeded the 
theoretical possible gas uptake, this provides indirect evidence that the CO2 is 
stored in the large cages of sII hydrate structure. Similar observations were also 
reported by Kumar et al.[98] for CO2/H2 mixed hydrate with propane as a 
promoter, which also forms sII hydrate like THF. In that study, FTIR (Fourier 
Transform Infrared Spectroscopy) measurements done on synthesized hydrates 
clearly shows carbon dioxide not only occupies the small cages but also shares 
a significant portion of large cages with propane.  
For 0.3 mol% TBAB (Exp No. 16-21), the gas uptake was 263% higher 
than the theoretical possible uptake in TBAB/gas mixed semi-clathrate 
(calculated from equation 6 assuming the gas occupies only the small cages 
since at 274.2 K, only type B semiclathrate can be formed). It is noted that the 
theoretical calculation was based on the assumption that all the gas that gets 
consumed (during dissolution and hydrate growth phase) is converted to 
hydrate by occupying the small cages of the semi-clathrate hydrates. Recently, 
Babu et al.[131] reported that in a stirred tank reactor at 6.0 MPa and 279.2 K, 
the gas uptake due to dissolution phase accounted for 70.4% (±11.77) of the 
total gas uptake. Even in this study, as can be seen in Table 2, the average gas 





0.0088 (±0.0055) mol of gas/mol of water, whereas the average total gas uptake 
was about 0.0234 (±0.0015) mol of gas/mol of water. Since the concentration 
for TBAB was significantly less than the stoichiometric concentration of 2.56 
mol% for Type B. It is possible that some CO2 could remain in the dissolved 
state in the aqueous liquid phase. On the other hand, recently, Xu et al. [150]  
reported that at 0.29 mol% TBAB concentration, CO2 occupied the large cages 
of the semi-clathrate. There is a need to further investigate the cage occupancy 
of gas molecules into semi-clathrates cages at the molecular level at the 
experimental conditions employed in this study [98, 151]. 
At higher concentrations of the promoter, Figure 5-12 reveals that 5.53 
mol% THF (Exp No. 11-15) and 3.0 mol% TBAB (Exp No.26-28) resulted in 
a normalized gas uptake of 44.4% and 16.1% of its respective maximum 
theoretical gas uptake value (when CO2 occupies only the small cages). 
Besides, with increasing promoter concentrations, the gas uptake for TBAB 
shows a negative relationship with 3.0 mol% TBAB resulting in the lowest gas 
uptake. Whereas, THF shows a positive relationship with 5.53 mol% THF 
resulting in the highest gas uptake. The gas uptake capacities reported in the 
literature employing a stirred vessel are also presented in Figure 5-12 for 
CO2/H2 hydrate formation. To summarize, THF can be concluded to be a better 
promoter in delivering higher kinetic performance as compared to TBAB for 
the clathrate process employing a fixed bed reactor configuration for carbon 

































































































The effect of addition of THF and TBAB in silica sand bed on the kinetics 
of hydrate formation from the fuel gas mixture was investigated. Increase in 
driving force in presence of 1.0 mol% THF resulted in an increase in gas uptake 
and shorter induction time. At same driving force, the addition of THF resulted 
in shorter induction time and higher gas uptake as compared to TBAB. Increase 
in THF concentration from 1.0 mol% to 5.53 mol% resulted in higher gas 
uptake but insignificant change in induction time. However, increasing TBAB 
concentration to the stoichiometric ratio resulted in lower gas uptake and 
significant change in induction time. A highest gas uptake of 126.99 (±12.67) 
mg of gas/g of water and a highest rate of 51.21 (±8.91) mol.min-1.m-3 was 
obtained for 5.53 mol% THF at 6.0 MPa and 279.2 K. Our results showed that 
THF is an effective additive in delivering better hydrate formation kinetics for 
the separation of CO2 from fuel gas mixture using a FBR configuration. 
Conclusively, FBR configuration with silica sand bed resulted in the enhanced 






6 A new porous material to enhance the kinetics of 
HBGS process6 
6.1 Introduction 
  Improved kinetics of hydrate formation was achieved in a fixed bed 
reactor with silica sand than in silica gel. In silica sand, interstitial pore space 
is the dominant contributor to porosity whereas in case of silica gel, internal 
pores are the dominant contributor of porosity. In silica sand, the interstitial 
pore space are interconnected to each other and hence upon hydrate nucleation, 
water is transported to the hydrate growth front by the capillary effect resulting 
in enhanced hydrate formation. In silica gel, the internal pores are not 
interlinked and water is confined in the pore space. Upon hydrate nucleation, 
water available in that particular pore space is consumed for hydrate formation, 
whereas the water available in the other pore space is not available for hydrate 
growth resulting in low gas uptake for hydrate formation. In Chapter 3 and 5, 
we proposed that interstitial pore space plays an important role in hydrate 
formation. In order to validate the proposal, we replaced silica sand with 
polyurethane (PU) foam in which interstitial pore space is the dominant 
contributor to bed porosity. Among the various promoters employed in fixed 
bed reactor in Chapter 3 and 4, addition of 2.5 mol% propane resulted in the 
enhanced kinetics of hydrate formation in silica sand bed compared to THF and 
TBAB. Hence, 2.5 mol% propane was chosen to be employed as promoter for 
                                                 
6 Babu P, Kumar R, Linga P. A new porous material to enhance the kinetics of clathrate 
process: Application to precombustion carbon dioxide capture. Environmental Science and 






hydrate formation. In this chapter, the performance of a new porous media, 
polyurethane (PU) foam that consists of well-connected inter-particle pore 
space, in a fixed bed configuration for carbon dioxide capture from pre-
combustion streams is evaluated. The hydrate formation in the porous media is 
also visualized and presented through morphological observations.  
 
Wavenumber Assignments 
1080 cm-1 ʋ(C-O-C) aliphatic ether 
1540 cm-1  ʋ(C=N) + δ(NH) Amide II 
1700 cm-1 ʋ(C=O) urethane Amide I, H-bonded 
1726 cm-1  ʋ(C=O) urethane Amide I, non-bonded 
Note: ʋ = stretching mode, δ = in-plane bending mode. 





6.2 Experimental  
6.2.1 Materials 
 38.1/59.4/2.5 (mol%) CO2/H2/C3H8 gas mixture supplied by Soxal 
Private Limited was employed in this study. Deionized and distilled water was 
used in this study. The porous media employed in this work is polyurethane 
foam (PU foam). The total pore volume, average pore diameter and the porosity 
of the PU foam were determined using the Mercury porosimeter (Micromeritics 
AutoPore IV 9500) and are 12.9 cm3/g, 140 μm (Pore size distribution of 60 – 
300 μm), and 0.14 respectively. The BET surface area was found to be 230 m2/g. 
The FTIR spectra of the PU foam is given in Figure 6-1. The peaks at 1700 and 
1726 cm-1 corresponds to the urethane amide group present in the PU foam. 
6.2.2 Apparatus and Procedure 
Detailed description of the apparatus is given in Chapter 2. PU foam 
material of height 3.5 cm (weight of 3.1 g) was placed inside the crystallizer. 
According to the specific pore volume, 40 ml of water was added to completely 
fill the pore space in PU foam with water. The crystallizer was placed in the 
temperature controlled water bath and cooled to an experimental temperature 
of 274.2 K. The air present in the crystallizer and the connection lines was 
removed by pressurizing to 1.0 MPa and depressurizing to atmospheric 
pressure with the gas mixture. The crystallizer was now pressurized with the 
gas mixture to the desired experimental pressure and the temperature was 
allowed to reach 274.2 K. In this study, this step took about 10 min, a typical 
pre-gas filling step for an experiment conducted at 4.5 MPa and 274.2 K is 





which the pressure and temperature of the crystallizer reached the experimental 
conditions. All experiments were carried out in a batch manner (fixed amount 
of gas and water). The pressure in the crystallizer decreased during hydrate 
formation and as the pressure drop ceased the experiment was stopped. Then, 
the crystallizer was depressurized to atmospheric pressure and the temperature 
of the system was increased to 297.2 K to allow the hydrate crystals to 
dissociate completely. The gas that dissociated from the hydrates and the 
dissolved gas released from liquid water was collected in the crystallizer. The 
composition of the decomposed gas collected in the crystallizer was determined 
by gas chromatography. The amount of gas that remains in the dissolved state 
at low pressures (up to 4 bars) can be assumed to be negligible [152]. 
 Experiments were conducted with the memory water obtained after 
dissociation. Water that has experienced hydrate formation is generally termed 
as memory water [9, 123, 141]. It is well known that use of memory water (or 
nucleated water) for hydrate formation significantly decreases the induction 
times compared to freshwater [9, 11, 123, 141]. In a practical industrial use, 
memory water will be used which would significantly shorten the induction 
times. Memory water was obtained by decomposing hydrates with a standby 
time of 2 h after decomposition. 
The normalized gas uptake for hydrate formation is calculated by using 




















where  , tHn is the number of moles of gas consumed for hydrate formation 
at a given time, 
2H O
n  is the total number of moles of water in the system, z is 
the compressibility factor calculated by Pitzer’s correlations [136], V, P and T 
are the volume of the gas phase, pressure and temperature of the crystallizer. 
 
Figure 6-2: Temperature and pressure profile during pre-gas filling step for 
experiment at 4.5 MPa and 274. 2 K (Experiment F15). 






Conversion of water to hydrates hydration number
n
   (6-2) 
where  , tHn  is the number of moles of gas consumed for hydrate formation 
at the end of the experiment. The hydration number is the number of water 
molecules per guest molecule. In this study, a hydration number of 10.05 was 
employed [97]. 
The rate of hydrate formation (R30 in mol.min-1) is calculated by fitting 





nucleation point using least squares method and the normalized rate of hydrate 
formation (NR30) is calculated as follows 




NR = (moleof gas.min .m )
V
 
             (6-3) 
where, Vw is the volume of water taken for the experiment in m3  
The t50 and t90 is the time necessary to achieve 50% and 90% of the total 
gas consumed. For calculation of t50 and t90, the time t = 0 can be taken at the 
onset of hydrate growth [153] or from the start of the experiment [154]. From 
a practical point of view, it would be realistic to estimate them from the start of 
the experiment. Hence, in our study, t50 and t90 were calculated from the start 
of the experiment.   
6.3 Results and Discussion  
 The minimum pressure required for the hydrate formation at 274.2 K 
with the 38.1/59.4/2.5 (mol%) CO2/H2/C3H8 gas mixture is 2.3 MPa [148]. 
Hence, the operating pressure of 4.5, 5.5 and 6.0 MPa was chosen for the study 
and also to enable us to compare the results of PU foam with other porous media 
like silica sand and silica gel. Table 6-1 summarizes the experimental 
conditions and the results, indicating induction time, normalized gas uptake, 
normalized rate of hydrate formation and water conversion to hydrate. 







Table 6-1: Summary of experimental conditions along with measured induction times, solution status and gas consumption at 274.2 K. 
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(mol.min-1.m-3) 

























F2 Fresh 6.0 2.67 63.70 0.0647 64.98 
F3 Memory 6.0 1.00 59.54 0.0606 60.92 
F4 Fresh 6.0 3.67 66.76 0.0601 60.42 
F5 Memory 6.0 1.33 69.54 0.058 58.29 





F7 Memory 5.5 3.00 45.19 0.0501 50.32 
F8 Fresh 5.5 23.00 48.80 0.0513 51.54 
F9 Fresh 5.5 0.67 50.83 0.0554 55.69 
F10 Memory 5.5 0.67 43.43 0.0554 55.68 





F12 Fresh 4.5 20.67 14.35 0.0269 27.08 
F13 Memory 4.5 8.00 13.15 0.0335 33.62 
F14 Fresh 4.5 149.00 2.41 0.0242 24.32 
F15 Memory 4.5 2.67 27.22 0.0265 26.66 






Figure 6-3: Typical gas uptake measurement curve along with temperature 
profile at 4.5 MPa and 274.2 K (Experiment F13). 
Figure 6-3 shows a gas uptake curve along with the temperature profile 
conducted at 274.2 K and a starting pressure of 4.5 MPa (Experiment F13). The 
gas uptake curve follows the general characteristics of gas uptake curve 
described in the literature involving gas dissolution, nucleation and hydrate 
growth stages [155]. Hydrate formation is exothermic in nature and hence a 
sudden temperature spike occurs after nucleation due to drastic hydrate 
formation. The crystallizer is cooled to the experimental temperature by the 
external refrigerator. Multiple temperature spikes indicate multiple nucleation 
events in the porous media [139]. Hydrate nucleation is followed by the hydrate 
growth phase. The gas uptake slows down and reaches a plateau when which 
indicates there is limited or no further hydrate formation in the crystallizer. The 
induction time (IT) is the time when an onset of nucleation occurs and it can be 
experimentally observed by an increase in temperature or an increase in gas 
uptake. In the experiment shown in Figure 6-3, the induction time occurred at 





From a practical standpoint, shorter induction time is desirable for the 
implementation of HBGS process for CO2 capture. Figure 6-4 shows the 
hydrate growth curves for the five experiments conducted from fresh and 
memory water at 6.0 MPa and 274.2 K. In the presence of PU foam as a porous 
medium, the hydrate growth curves show very good reproducibility and the 
growth curves follow the same trend for the both fresh and memory water.  
 
Figure 6-4: Hydrate growth curves at 6.0 MPa and 274.2 K. Time zero 
corresponds to induction time for the experiment.  
The difference between the experimental pressure and the equilibrium 
pressure is defined as driving force in this study. Figure 6-5 shows the 
calculated mean induction time as a function of driving force. As the driving 
force increases from 2.2 MPa to 3.7 MPa, the induction time shortens 
significantly. As can be seen from the figure, increasing the driving force from 
2.2 to 3.2 MPa decreases the average induction time by 20 times and the 
stochastic nature of the nucleation can be reduced as can be seen from the 





employing the HBGS process for carbon capture as the induction time in the 
presence of PU foam is very short at driving forces of 3.2 and 3.7 MPa 
(experimental pressures of 5.5 and 6.0 MPa respectively). One of the main 
advantages of the HBGS process is the ability to re-use the water for several 
cycles without the loss of solvent (water is used as a solvent) during each cycle. 
We did not perform experiments with PU foam higher than a driving force of 
3.7 MPa (experimental pressure of 6.0 MPa) due the fact that the pressure of 
the fuel gas stream from the IGCC plant will be between 2.0 to 7.0 MPa [1].   
 
 Figure 6-5: Effect of driving force on induction time for hydrate formation.  
Figure 6-6 shows the effect of driving force on hydrate growth. The data 





for selected data points to illustrate the variability of the experimental data. As 
the driving force increases, the gas consumed for hydrate growth and water 
conversion to hydrate also increases. Average gas consumption for 6.0 MPa 
experiment was 113% and 226 % higher than the experiments conducted at 5.5 
and 4.5 MPa respectively at 4 hours of hydrate growth. Average water 
conversion to hydrate of 58% was achieved in 4 h at 6.0 MPa whereas at 5.5 
and 4.5 MPa, 51 and 26% respectively was achieved. 
 
Figure 6-6: Effect of driving force on average gas consumption for hydrate 
growth.  
From Figure 6-6, it can be seen that the rate of gas hydrate formation is 
linear till about 30 min. We calculated the rate of hydrate formation (R30) by 
fitting a linear fit for the hydrate growth data versus time and subsequently 
calculated the normalized rate of hydrate formation (NR30) using equation 6-3 
and the calculated values are provided in Table 6-1. The calculated rates were 
averaged and are presented in Figure 6-7 for the three different driving forces 





higher for experiments conducted at 6.0 MPa (i.e. at higher driving force of 3.7 
MPa). For a comparison purposes, we calculated NR30 at 6.0 MPa as 31.5 and 
10.5 mol.min-1.m-3 for silica sand and silica gel, respectively which is 
significantly lower than that in the presence of PU foam (64.48 mol.min-1.m-3) 
conducted at the same temperature and driving force (3.7 MPa). The mean t50 
and t90 along with the standard deviations for the experiments conducted at the 
three experimental pressures are summarized in Table 6-1. It is noted that the 
standard deviation of t50 and t90 are quite high for the 4.5 MPa experiments due 
to the significant variation in the induction times for the 4.5 MPa experiments. 
 
Figure 6-7: Effect of driving force on the normalized rate of hydrate 
formation for first 30 min after nucleation. 
After the end of formation experiments, hydrate crystals were 





of the dissociated gas was analyzed. Figure 6-8 shows the composition of CO2 
in the feed gas and hydrate phase. As the hydrate formation proceeds, CO2 
preferentially occupies the hydrate cage which is evident from the hydrate 
phase composition. It is noted that CO2 shares the large cages with propane and 
also occupies a significant portion of the small cages in the resultant sII hydrate 
formed from this ternary gas mixture [97].   
 
Figure 6-8: Carbon dioxide composition in the hydrate phase. 
Figure 6-9 shows the normalized gas uptake (mol of gas/ mol of water) 
for hydrate formation as a function of driving force and compares with different 
porous media (sand and silica gel) reported in the literature employed in the 
HBGS process for pre-combustion capture. It is noted that the literature data 
for sand and gel were also conducted with 100% water saturation and hence are 
comparable. At all driving forces, enhanced hydrate formation in PU porous 





porous media (PU foam, silica sand and silica gel) show a linear effect of the 
driving forces experimented while the slopes vary in the order higher to lower 
as PU foam>Silica sand>silica gel. In addition, the gas consumption obtained 
from the same gas mixture in a stirred tank reactor is very low compared to the 
PU foam used in our work [24]. 
 
Figure 6-9: Comparison of normalized gas consumption as a function of 
driving force for different porous media. The data presented is for 2 h of 
hydrate growth. 
In order to understand the mechanism or reason for the enhanced 
kinetics in PU foam, we performed morphology experiments using an existing 
facility [108]. 2.4 ml of water was added into the PU foam placed in a 
crystallizer specially design designed to observe crystal morphology at a 





SMZ-1000 microscope. Based on the morphological observations, the 
mechanism of hydrate formation in PU porous media is presented. The 
morphology observations, gas consumption and temperature profile of the 
experiment conducted in the morphology apparatus is shown in Figure 6-10. 
The first step involved the diffusion of the gas molecules in the liquid phase 
dispersed in the interstitial pore spaces of the PU foam. A distinct gas phase 
and liquid phase dispersed in the PU foam can be seen in the microscopic image 
(Figure 6-10a). The temperature of the system remains constant throughout the 
dissolution phase. The gas uptake increases till it reaches the saturation limit 
(super saturation region) at the given experimental pressure and temperature. 
Next phase is the nucleation of the hydrate crystals. Nucleation is characterized 
by sudden increase in gas consumption along with temperature increase. 
Multiple nucleation events throughout the PU foam can be observed which can 
be seen in Figure 6-10b. The temperature profile also confirms the occurrence 
of multiple nucleation events (see figure 6-3). The tortuous pathways provided 
by the pores aid in the further diffusion of the gas molecules and hence 
nucleation events can be observed deep inside the PU foam bed. Nucleation is 
followed by drastic growth of hydrate crystals which can be seen in Figure 6-
10. Water migrates by capillary action between the pores to the hydrate growth 
regions. It is noted that one mole of gas requires 10.05 moles of water (based 
on hydration number reported for this gas mixture by Kumar et al.[97]) A 
sudden increase in gas uptake due to drastic hydrate formation can also be 
observed in the gas uptake curve. The microscopic observations corroborate 
very well with our macroscopic kinetic experiments (see figure 6-3 for a typical 























































Figure 6-11: SEM and Microscope images of PU foam showing the 
interconnected pores. 
We believe that one of the reasons for the enhanced hydrate formation 
in PU porous media is due to the well-connected interstitial pore space. Figure 
6-11 shows the microscopic and SEM image of PU porous media. The pores in 
the PU porous media are well interconnected. Recently, Babu et al.[156] 
reported based on morphological observations that interstitial pore space and 
its connectivity are important factors for hydrate formation in porous media. 
The PU foam employed in this work provides that interconnectivity of the pore 
space, resulting in the easy pathways for the migration of water molecules and 















































































6.4 Experimental gas uptake comparison  
In order to give a perspective of the highest normalized gas uptake, 
Figure 6-12 summarizes the maximum normalized gas uptake achieved in 120 
min in different reactor configuration from fuel gas mixture with or without 
promoter. Of all the configurations employed, enhanced normalized gas uptake 
was achieved in a fixed bed approach with silica sand. Although semiclathrate 
hydrate as promoters reduced the phase equilibrium considerably, but resulted 
in lower normalized gas uptake. Enhanced kinetics can be achieved by tuning 
the water saturation, optimizing the bed height and by choosing a suitable 
porous medium with well-interconnected interstitial pore space. It is noted that 
the highest gas uptake reported after a 2 h hydrate growth time for the 2.5% 
propane as a promoter is 3.17 (±0.16) mmol of gas/g of water in FBR with PU 
foam as a porous medium. In the case of THF, the highest gas uptake reported 
so far is 2.5 (±0.21) mmol of gas/g of water in FBR with Sand as a porous 
medium and at a concentration of 5.53 mol%. In the case of semi-clathrates 
involving TBAB, TBAF and TBANO3, the highest gas uptake of 1.09 (±0.12) 
mmol of gas/g of water was reported for 0.3 mol% TBAB.  Overall, among all 
the promoters investigated so far in the literature, propane as a gas phase 
promoter and THF as a liquid phase promoter in a FBR is reported to be the 
best in terms of normalized gas uptake.  
6.5 Normalized Rate of Hydrate Formation 
The normalized rate of hydrate formation (NR30) for 30 min from IP for 










NR = (moleof gas.min .m )
V 30
 
             (6-4) 
where ∆n30 is the number of moles of gas consumed for hydrate growth in 30 
min after IP, Vw is the volume of water taken. The factors such as experimental 
conditions, driving force, reactor configuration affects the rate of hydrate 
formation considerably. In general increase in driving force increases the rate 
of hydrate formation. 
The normalized rate of hydrate formation NR30 was calculated from all 
the literature data and the highest normalized rate of hydrate formation was 
summarized in Figure 6-13. For the systems without promoters, although fixed 
bed approach improves the gas uptake for hydrate formation from the fuel gas 
mixture, the normalized rate of hydrate formation is lower than that of STR at 
same driving force. Better mechanical agitation improves the initial rate of 
hydrate formation. 
Addition of 2.5 mol% propane to fuel gas mixture reduces the rate of 
hydrate formation in a STR and fixed bed approach with silica gel. But in case 
of a fixed bed reactor with silica sand, enhanced rate of hydrate formation was 
achieved. This can be attributed to the ability of propane to draw dispersed 
water from the silica sand bed for hydrate formation. Optimization of the silica 
sand bed height to 1.5 cm from 5 cm resulted in 2 fold increase in rate of hydrate 
formation. Similarly tuning the water saturation from 100% to 50% increased 
the rate of hydrate formation 1.6 times. The results suggest that in fixed bed 





yield considerably enhanced the rate of hydrate formation. Replacement of 
silica sand by PU foam also resulted in enhanced rate of hydrate formation.  
Apart from driving force and reactor configuration, the concentration 
of THF also affects the rate of hydrate formation. At same driving force of 1.87 
MPa and an experimental temperature of 279.6 K, higher normalized rate of 
hydrate formation (NR30) of 13.16 mol.m-3.min-1 for 1.0 mol% THF was 
observed compared to 4.80 and 10.69 mol.m-3.min-1 for 0.5 and 3.0 mol% THF 
respectively [102]. Normalized rate of hydrate formation calculated from Park 
et al.[82] shows that the addition of 5.6 mol% THF did not reduce the rate of 
hydrate formation. The calculated normalized rate of hydrate formation in bulk 
water and 5.56 mol% THF were 29.63 and 31.48 at 8.0 MPa and ∆T of 4 K. 
Employing THF as a promoter in a fixed bed reactor enhances the rate of 
hydrate formation. A normalized rate of hydrate formation of 51.16 (±7.96) 
mol.m-3.min-1 for 5.53 mol% THF at 6 MPa and 279.2 K was recently achieved 
in our study (Chapter 5). 
Addition of CP as promoter also reduces the rate of hydrate formation 
considerably irrespective of the reactor configuration. CP layer thickness in an 
unstirred reactor affects the rate of hydrate formation. In an unstirred reactor 
configuration at comparable driving force, 2 fold increase in the normalized 
rate of hydrate formation was achieved than in a STR. The normalized rate of 
hydrate formation calculated from Ho et al.[109] for unstirred and STR at 6.0 
MPa and 275.7 were 16.33 and 4.17 mol.m-3.min-1 respectively. 
Similar to THF, concentration of quaternary ammonium salts affects the 





mol% TBAB as promoter in a STR did not reduce the rate of hydrate formation 
at comparable driving force. Normalized rate (NR30) for 0.29 mol% TBAB at 
4.0 MPa and 278.15 K with a driving force of 3.50 MPa was 22.26 mol.m-
3.min-1 while without TBAB, the rate of hydrate formation was 26.19 mol.m-
3.min-1 at a driving force of 3.4 MPa. In case of STR at same experimental 
conditions, 1.0 mol% TBAB resulted in higher rate of hydrate formation 
compared to other concentrations. Whereas in a fixed bed reactor, at same 
driving force, 3.0 mol% TBAB resulted in higher rate of hydrate formation 
compared to 0.3 and 1.0 mol% TBAB. At same experimental conditions, 
enhanced rate of hydrate formation was achieved in a fixed bed reactor with 
silica sand compared to STR. Significant reduction in the rate of hydrate 
formation was observed when TBAF or TBANO3 was used as a promoter. 
Among the various concentrations investigated so far for TBAF and TBANO3, 
1.0 mol% TBANO3 [157] and 3.3 mol% TBAF was found to have a higher 
normalized rate of hydrate formation.  
Addition of 5 vol% CP to 0.29 mol% TBAB enhanced the rate of 
hydrate formation considerably. A normalized rate of 43.32 mol.m-3.min-1 was 
achieved in the presence of 5 vol% CP and 0.29 mol% TBAB at 4.0 MPa and 
274.65 K in a STR with magnetic stirring. At same conditions, the normalized 
rate in presence of CP and TBAB alone were 4.07 and 24.37 mol.m-3.min-1 
respectively [62]. This enhanced rate of hydrate formation was due to the 
synergistic effect of addition of CP and TBAB. It is interesting to note that 
while the NR30 was significantly higher for the combined TBAB/CP system 
compared to the standalone TBAB or CP systems, the overall gas uptake for 





a UTR configuration as can be seen in Figure 6-13. It must also be emphasized 
the contribution of gas dissolution in CP and TBAB systems is much higher 
and hence could influence the initial rate of hydrate formation if the dissolution 
phase and hydrate growth phase are not de-coupled as reported by Babu et 
al.[131]  
Overall in a fixed bed reactor with silica sand or PU foam, addition of 
2.5 mol% propane results in highest normalized rate compared to the other 
reactor configuration and promoters. A normalized rate 64.48 (±3.82) mol.m-
3.min-1 has been reported with PU foam in FBR. Among the liquid phase 
promoters, the highest normalized rate (NR30) of 51.16 (±7.96) mol.m-3.min-1 
has been reported recently in the literature for 5.53 mol% THF in FBR with 
sand. For both these systems, inter-particle space and connectivity was 
responsible for the enhanced kinetics both in terms of normalized gas uptake 












































































































6.6 Comparison with other technologies 
Several techniques such as adsorption, absorption, membrane separation 
are being investigated for CO2 capture from fuel gas mixture or pre-combustion 
stream. Physical absorption is performed rather than chemical absorption due 
to high CO2 concentration in the fuel gas mixture, easy regeneration. Physical 
solvents such as Selexol, Rectisol, Flour solvent and Purisol which are 
commercially available have been proposed and tested as suitable solvents for 
pre-combustion capture. Solid adsorbents are preferred for pre-combustion 
capture due to their ability to operate at higher temperatures. Zeolite 13X and 
activated carbon are some of the adsorbents used in the literature. A maximum 
CO2 capacity of 9.67 mmol/g of water can be achieved for hydrate formation 
from the fuel gas mixture. Experimental CO2 capacity of 1.22 (±0.45) mmol/g 
of water was reported in the literature. Addition of sII promoters reduces the 
maximum CO2 capacity to 6.56 mmol/g of water due to large cage occupancy 
of the promoters (all large cages are occupied by the promoter). As reported in 
the literature, there is a possibility of tuning the CO2 occupation in the large 
cages which means that the maximum CO2 capacity could be higher than 6.56 
mmol/ g of water. Kumar et al.[97] has reported that with a stoichiometrically 
less quantity of 2.5 mol% propane, CO2 can occupy 57% of the large cages. 
Figure 6-14 shows the maximum CO2 capacity and experimental CO2 capacity 
reported for HBGS, absorption and adsorption technologies from the fuel gas 
mixture. A highest CO2 capacity of 3.17 (±0.16) mmol/g of water was reported 
in presence of 2.5 mol% propane as promoter in a FBR with PU foam at 6 MPa 
and 274.2 K. In the presence of 5.53 mol% THF as a promoter, a highest CO2 





FBR with sand. The CO2 uptake for TBAB and cyclopentane are also presented 
in the figure. It is interesting to note that 0.3 mol% TBAB has been reported to 
achieve the highest gas uptake compared to other TBAB compositions in the 
literature. As can be seen in Figure 6-14, the experimentally observed values 
are exceeding the theoretical possible maximum gas uptake that was calculated. 
 
Figure 6-14: Comparison of CO2 capacity of various technologies reported in 
the literature. The symbols represent the maximum possible CO2 uptake and 
the bar chart represent the experimentally reported gas uptake. 
In the case of physical solvents like Selexol, Rectisol, Flour (propylene 
carbonate) solvent and Purisol (N-Methyl-2-Pyrrolidone), a maximum CO2 
capacity of 0.16, 0.77, 0.13 and 0.16 mmol/ g of solvent was reported [158]. In 
case of Zeolite 13X, a maximum CO2 capacity of 6.9 mmol/g was reported at 
308 K and 3.4 MPa [159]. The experimental CO2 capacity drops to 2.5 mmol/g 





can be seen from the figure, CO2 capacity (maximum) for sI hydrate is the 
highest. The maximum CO2 capacity of HBGS technology, even with the 
presence of small concentrations of promoters which not only reduces the 
operating conditions to the pre-combustion stream conditions, is much higher 
than the maximum capacities achievable for conventional solvents like Selexol, 
Rectisol, Flour and Purisol solvents. It is interesting to note that for the HBGS 
technology with sII promoters in FBR, the experimental CO2 capacity is 
significantly higher than the four conventional solvents, and the commercially 
available adsorbent like the Zeolite 13X. Physical adsorption based on zeolite 
13X would require operating conditions of 3.4 MPa and 308 K [159]. Rectisol 
is a widely used solvent for physical adsorption in the industry for CO2 
separation and it requires low temperatures in the range of 200 – 238 K and a 
pressure range of 2.76 to 6.89 MPa for the absorption step. Other commercial 
solvents like Flour and Purisol also require low temperatures for a better 
performance in the range of 255 K to 338 K and 258 to 298 K, respectively 
[158, 161]. As seen in figure 6-14, HBGS technology operating at a similar 
pressure range and at temperatures much milder (just above the freezing point 
of water) can capture CO2 at very high quantities just by using water as the 
solvent. The maximum CO2 uptake capacity with 2.5 mol% propane or 5.56 
mol% THF in water is more than 8.5 times higher than CO2 capacity possible 
in Rectisol solvent. There is also a strong possibility for the CO2 uptake 
capacity to be further improved by tuning the promoter concentrations, 
experimental conditions, porous medium size and pore space connectivity for 





6.7 Commercialization potential 
Several reactor configurations have been proposed in the literature. Figure 
6-15 shows the various reactor configurations employed and their limitations. 
Most of the studies were carried out in a laboratory scale stirred tank reactor 
and were fundamental in nature. Stirred tank reactors are frequently employed 
to investigate the intrinsic kinetics of hydrate formation and phase equilibrium 
measurements. The limitations of the stirred tank reactor are low gas uptake 
and low water conversion to hydrate due to the agglomeration of hydrate 
crystals at the gas-liquid interface, slow kinetics and significant energy required 
for stirring. Such low water conversion to hydrate is not desirable for 
implementation of HBGS for CO2 capture. Continuous reactor was proposed 
in SMTECHE process. It would be practically impossible to operate a HBGS 
process in a continuous manner due to the well-known affinity of hydrates to 
plug flow lines in the oil and gas industry, which might be a serious problem 
for the HBGS process that involves flowing aqueous liquid and gas streams 
under favorable conditions. The other drawbacks of the continuous operation 
of the HBGS technology are an insufficient residence time to achieve higher 
water conversions and higher operating costs involved in gas/liquid mixing for 
hydrate formation. While the gas-bubble method with a fixed amount of TBAB 
solution recently proposed by Xu et al.[128] looks promising, this approach 
needs to be optimized for; maximizing the normalized gas consumption (mol 
of gas/mol of water); avoidance of hydrate blockage through the liquid column 
and the operation mechanism of such an approach. Although unstirred reactor 
looks like promising, it has to be evaluated in depth further. The limitation of 






Figure 6-15: Path to commercialization for the HBGS technology.  
Among the various reactor configurations employed, Fixed bed reactor 
configuration have the potential to be implemented on a commercial scale. The 
advantages of employing fixed bed reactor are the increased gas-liquid contact 
area, enhanced kinetics and no power consumption required for stirring. 
Regeneration of fixed bed reactor with silica sand or PU foam is easy as the 
water gets redistributed into the pore space upon hydrate dissociation. 
Moreover, PU Foam or silica sand is cheap, readily and abundantly available 
compared to silica gel and other porous medium. Hollow silica and activated 
carbons have been reported to enhance the kinetics of methane hydrate 
formation in the literature but is yet to be tested for CO2 containing systems 
[154, 156, 162-164]. Additionally, hollow silica is very expensive at this point 
of time compared to PU foam by a factor of 203 and to sand by a factor of 132 
times on weight basis. Another material that has gained attention in enhancing 





water or hydrogen by mixing water with hydrophobic silica particles/polymers 
and air [165-168]. 
 
Figure 6-16: Hydrate Based Gas Separation (HBGS) Process Cycle. 
We envision that the HBGS process for pre-combustion with PU foam 
can be operated similar to a mature technology like the pressure swing 
/temperature swing adsorption. We propose a conceptual 4 step HBGS process 
adapting from an industrial process closely related to the Skarstrom cycle [169-
171]. The cycle involves two fixed bed columns which are subjected to 
pressurization, hydrate formation, depressurization and hydrate decomposition 
and enables a continuous operation similar to how a pressure swing adsorption 
cycle would operate. Figure 6-16 shows the schematic operation of one such 
bed in the cycle. First step is the pressurization step, the PU foam bed dispersed 
with water is pressurized to 6.0 MPa with the fuel gas mixture while the bed is 
maintained at 274.2 K throughout the formation process. The next step is the 
formation of hydrate crystals. The hydrate phase gets enriched with CO2 due to 
preferential incorporation of CO2. H2 rich residual gas phase is now removed 





hydrate crystals. The hydrate crystals would decompose since the conditions 
are below the equilibrium pressure due to the removal of the residual gas phase 
at this temperature. Additionally the decomposition of hydrate crystals can be 
faster by applying thermal stimulation utilizing the waste heat streams. The 
CO2 rich stream can be obtained at the end of the decomposition cycle, which 
can be further enriched in a similar cycle downstream.  
A fixed bed approach provides an excellent opportunity to scale up the 
HBGS process due to the faster and enhanced kinetics and the lack of 
significant operating cost that is associated with agitated or continuous flow 
systems. In addition, HBGS process with a fixed bed configuration with PU as 
porous media can be applied for several gas separation applications like coal 
bed methane separation, landfill gas separation, flue gas separation of carbon 
dioxide and natural gas fractionation [7, 17, 172-176].  
6.8 Conclusion 
Hydrate formation kinetics in PU foam for separation of CO2 from fuel 
gas mixture in a fixed bed reactor with 2.5 mol% propane as an additive was 
investigated. Fresh and memory water experiments were conducted at 
pressures of 4.5, 5.5 and 6.0 MPa and at a temperature of 274.2 K. Our results 
indicate that the induction times in PU foam shortens significantly (a few 
minutes) at 6.0 MPa and show remarkable reproducibility for hydrate growth 
curves. Enhanced normalized gas consumption of 0.0536 mol/ mol of water 
and 54% water conversion to hydrate after 2 h of hydrate formation was 
achieved.  A normalized rate of hydrate formation of 64.48 (±3.82) mol.min-





morphological studies, the mechanism of hydrate formation from water 
dispersed in interstitial pore space of porous media is presented. Finally, a four 





7 Conclusions and Recommendations  
This thesis aims to enhance the kinetics of hydrate formation and improve 
separation efficiency of hydrate based gas separation technology for pre-
combustion capture of CO2. A fixed bed reactor with different porous media 
was employed. Several liquid phase promoters and gas phase promoter were 
employed to lower the operating pressure. Hydrate phase equilibrium data for 
fuel gas mixture with promoters were determined. Morphological experiments 
were carried out to understand the mechanism of hydrate formation. The major 
conclusions and recommendations for future work are presented in this chapter.   
7.1 Conclusions 
In order to overcome the mass transfer limitation, a fixed bed reactor with 
silica sand and silica gel was employed to enhance the kinetics of the hydrate 
formation from the fuel gas mixture. Kinetic experiments were carried out at 
7.5 – 9.0 MPa and 274.2 K. With an increase in experimental pressure, the gas 
uptake for hydrate formation increased in silica sand bed. A gas uptake of 
0.0432 (±0.0063) mol of gas/mol of water was achieved in silica sand bed at 
9.0 MPa and 274.2 K. The experimental pressure did not affect the gas uptake 
for hydrate formation in silica gel bed. At same experimental conditions, silica 
gel experiments resulted in lower gas uptake for hydrate formation compared 
to silica sand experiments. A driving force of 23 K was found to be sufficient 
to completely recover the gas from the hydrates in 1 h.  
Typical fuel gas mixture form IGCC power plant comes in the range of 
2 – 7 MPa. Enhanced gas uptake was achieved at 9.0 MPa and 274.2 K in silica 





hydrate formation and thereby increases the process economics. Hence there is 
a need for promoters to reduce the operating pressure without compromising 
the separation efficiency. Effect of the addition of 2.5 mol% propane as 
promoter to fuel gas mixture on thermodynamics and kinetics of hydrate 
formation from the fuel gas mixture was investigated. Kinetic experiments 
were carried out at 4.5 – 6.0 MPa and 274.2 K in silica sand and silica gel bed. 
Silica sand was found to be effective porous medium than silica gel. Addition 
of 2.5 mol% propane not only reduced the operating pressure of 9.0 MPa to 6.0 
MPa but also enhanced the kinetics of hydrate formation in silica sand bed. 
Tuning of water saturation in silica sand bed also resulted in further enhanced 
gas uptake for hydrate formation. In order to understand the reason for the 
enhanced kinetics of hydrate formation in the presence of 2.5 mol% propane, 
morphological experiments were carried out. The ability of propane to draw 
water from the silica sand bed towards the gas phase for hydrate formation 
results in enhanced hydrate formation.  
 The effect of tetrahydrofuran (THF) and tetra-n-butyl ammonium 
bromide (TBAB) at various concentrations on hydrate formation from fuel gas 
mixture in silica sand bed was investigated. Increase in driving force resulted 
in an increase in gas uptake for hydrate formation from fuel gas mixture in the 
presence of 1.0 mol% THF. Among the THF concentrations tested, 5.53 mol% 
resulted in higher gas uptake. Similarly 0.3 mol% TBAB resulted in higher gas 
uptake than 1.0 and 3.0 mol% TBAB. Overall, the addition of THF resulted in 
shorter induction time and enhanced hydrate formation compared to TBAB.  
Based on our results in a fixed bed reactor, we identified that interstitial 





by replacing silica sand with PU foam having well interconnected pore space. 
2.5 mol% propane was employed as the promoter. Our results showed 
remarkable reproducibility and enhanced normalized gas consumption of 
0.0536 mol/ mol of water after 2 h of hydrate formation was achieved.  
Mechanism of hydrate formation was presented using microscopic 
observations. A four step operation of hydrate based gas separation is proposed.  
7.2 Recommendations for future work 
The following recommendations are proposed for future work; 
1. In our study, interstitial pore space was demonstrated to enhance the 
kinetics of hydrate formation. The effect of interstitial pore size on the 
kinetics of hydrate formation needs to be investigated.  
2. In our study, enhanced kinetics of hydrate formation was reported in 
PU foam in presence of propane. This study should be expanded to 
other promising additives like THF. 
3. Silica sand was replaced by PU Foam in our study. Efforts must be 
continued on the research and development to design cheaper porous 
materials with optimized properties (pore size, large interconnected 
pores) that can maximize gas uptake in hydrates with enhanced kinetics. 
4. As proposed in our study, four step HBGS process cycle needs to be 
demonstrated on a large scale, employing a series of fixed bed reactors. 
5. The effect of impurities like H2S on the thermodynamics and kinetics 
of hydrate formation needs to be investigated.  
6. Detailed CAPEX and OPEX analysis vis-a-vis other physical 
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Figure A-1: Crystallizer and supply vessel pressure profile for experiment at 







Figure A-2: Crystallizer and supply vessel pressure profile for experiment at 








Figure A-3: Crystallizer and supply vessel pressure profile for experiment at 









Figure A-4: Crystallizer and supply vessel pressure profile for experiment at 








Figure A-5: Crystallizer pressure profile for experiment at 6.0 MPa and 279.2 









Figure A-6: Crystallizer pressure profile for experiment at 4.5 MPa and 274.2 
K  in PU Foam (Chapter 6 Experiment F13). 
 
